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1 Introduction
Since the discovery of the first extrasolar planet around a solar-type star,1 more than 900 such
planets outside of our solar system have been detected by ground- and space-based astronomical
observations.2–4 Even more planetary candidates discovered by the Kepler space mission await se-
cure identification (http://exoplanet.eu). These exoplanets show a wide diversity in orbital parame-
ters, ranging from close-in Hot Jupiters and Neptunes to planets on very eccentric orbits, in orbital
resonances, on retrograde orbits, and some located at very large distances from their host stars. A
similar diversity has been found for the masses and radii of exoplanets and initial investigations
point to a diversity in the chemical composition and physical structure of their atmospheres.5–7
The wide range of planetary system architectures and exoplanet properties is certainly linked to
a range of properties of their birth-places, the disk-like structures around young stars composed of
gas and dust particles.8–11 These disks share many of the properties of the solar nebula from which
the Sun and our planetary system formed, although their masses, radial dimensions and internal
structures can be very different.12 Protoplanetary disks form through the gravitational collapse of
their parental molecular cloud cores in a process regulated by the balance of gravitational, mag-
netic, gas pressure and rotational forces.13 After the dissipation of the protostellar envelope and
the birth of a central star (central stars), the surrounding protoplanetary disk continues to regulate
the inward radial transport of matter and the associated angular momentum transport outward, and,
therefore, forms a special class of accretion disks.14
Thanks to the progress in infrared and radio astronomy starting in the early 1990’s, and fol-
lowed by highly successful infrared space observatories such as ISO, Spitzer, and Herschel, pro-
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toplanetary disks have been found and characterized in large numbers in regions of nearby star
formation. They are discovered through their infrared and (sub-)millimeter thermal dust emission
being in excess of the radiation from the stellar photosphere of their central stars15,16 (for a review
of their properties, see12). Dust spectroscopy has revealed the mineralogical composition of the
protoplanetary dust particles that are mostly found in the form of amorphous silicates, crystalline
forsterite, water ice, and other molecular ices. There is strong observational evidence that the
dust particles in disks can grow in size far beyond the typical submicron sizes of interstellar dust
grains.17
Figure 1: Near-IR scattered light image of the protoplanetary disk around the Herbig Ae star
MWC 758 obtained with the Subaru telescope by the Strategic Exploration of Exoplanets and Disks
(SEEDS) collaboration. Reprinted with permission from Reference.18 Copyright 2013 American
Astronomical Society.
In recent years, some of these disks have even been directly imaged with the Hubble Space
Telescope, ground-based adaptive-optics assisted instruments (see Fig. [figure][1][]1), and infrared
and millimeter interferometry. The interferometry technique combines the light gathered by a
number of telescopes to reach higher spatial resolution than available with the largest single-dish
telescopes. These observations have revealed a wide diversity of protoplanetary disk structures, in-
cluding some disks at advanced evolutionary phases showing inner holes or gaps devoid of emitting
dust and sometimes even gas.19–22 These spatially resolved data confirmed the earlier inference of
such structures based on the analysis of spectral energy distributions, especially provided by the
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Spitzer infrared space telescope.23–27 Other recent discoveries obtained with ground-based coron-
agraphic near-IR telescopes show large-scale, strong asymmetries in disk structure, such as spiral
arms and density “knots”18,28,29 (see Fig. [figure][1][]1). These asymmetries are likely produced
by a variety of physical processes such as magnetohydrodynamical turbulence,30 grain growth
beyond cm-sizes,19 planet formation, and gravitational instabilities.31 These spatial structures im-
mediately show that protoplanetary disks are not static systems, but are subject to strong dynamical
changes on a timescale of several million years.12
The advent of sensitive infrared and (sub-)millimeter spectroscopic observations enabled the
discovery of thermal emission and scattered light from dust particles. In addition, a first inventory
of atomic and molecular species has been provided, ranging from molecular hydrogen to water
and more complex molecules such as polycyclic aromatic hydrocarbons (PAHs).32–34 At the same
time, comprehensive chemical models for protoplanetary disks have been developed by a number
of research groups (see Table [table][3][]3), taking into account the wide range of radiation fields
(UV and/or X-rays), temperatures (10 - several 1000 K) and hydrogen number densities (104 - 1012
cm−3). The combination of astronomical observations with advanced disk physical and chemical
models has provided first constraints on the thermal structure and molecular composition of proto-
planetary disks orbiting young stars of various temperatures and masses.35–39 These models have
demonstrated that the chemistry in disks is mostly regulated by their temperature and density struc-
ture, and stellar and interstellar radiation fields as well as cosmic rays.40–49 A special feature of
protoplanetary disks is the very low temperatures in the outer midplane regions, leading to a con-
siderable freeze-out of molecules.50,51 At the same time, chemistry, together with grain evolution,
regulates the ionization structure of disks,43,52–56 and, thereby influencing the magnetically-driven
transport of mass and angular momentum.57 This means that disk chemistry and the physical struc-
ture of disks are ultimately linked. The impact of radial and/or vertical transport processes and dust
evolution on disk chemical composition has been thoroughly theoretically investigated,54,58–68 and
the predictions are being observationally confirmed.
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With the Atacama Large Millimeter/Submillimeter Array (ALMA)1 in Chile becoming fully op-
erational and providing a giant step in sensitivity, spectral, and spatial resolution, and with models
connecting planet formation with planet evolution, we can expect that protoplanetary disk chem-
istry will become a major topic in the rapidly evolving field of astrochemistry. This review will
discuss these fascinating, chemically active places of planet formation and will summarize the in-
formation we have obtained about the physical structure and molecular chemistry of protoplanetary
disks.
Because chemistry depends so much on temperature, density, and radiation fields in disks,
and is influenced by disk dynamics, in Chapter [section][2][]2 we first provide a comprehensive
description of the physics of protoplanetary disks. Chapter [section][3][]3 summarizes the fun-
damental chemical processes in disks and presents an inventory of gas-phase molecules and ices.
This review emphasizes the role of water in disks in Chapter [section][4][]4 because of its rele-
vance for planet formation and the delivery of water to Earth. A special Chapter [section][5][]5
is devoted to deuterium fractionation in disks because this process may allow to reconstruct the
history of chemical and physical processes in early phases of the solar nebula and protoplanetary
disks. The formation of complex organic molecules is the focus of Chapter [section][6][]6 because
of its relevance for the delivery of organic materials to terrestrial planets.
2 Physical Properties of Protoplanetary Disks
2.1 Protoplanetary Disks as Accretion Disks
Protoplanetary disks can be described as rotating dusty gaseous systems transporting a net amount
of mass towards the central star and the angular momentum outwards (see Fig. [figure][2][]2).
These disks are characterized by strong radial and vertical temperature and density gradients (see
Fig. [figure][3][]3). High-energy stellar and interstellar radiation may penetrate into the upper lay-
ers of disks, enabling a rich molecular chemistry. In the deep and well-shielded interiors tempera-
1http://almascience.eso.org/about-alma/overview/alma-basics
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tures become so low that molecules freeze out. The shielding is mostly provided by micron-sized
solid dust particles. Apart from chemical evolution, the disks are characterized by strong evolution
of the initially micron-sized dust particles towards pebbles and, finally, planets. This process has a
strong impact on the physical structure of the disks, and therefore on the chemistry.
Protoplanetary disks are a special class of accretion disks. Accretion is a mass flow caused by
the loss of potential energy due to frictional dissipation, which also leads to mechanical heating of
the gas. The velocity, temperature, and density structure of accretion disks can be described by the
conservation equations for energy, mass, and momentum. For a geometrically thin disk the time
evolution of the surface density Σ can be expressed in the form of a non-linear diffusion equation
with the viscosity ν as the regulating parameter of the diffusion process.69,70
Figure 2: Sketch of the physical and chemical structure of a ∼ 1−5 Myr old protoplanetary disk
around a Sun-like star.
The viscous stresses that are required for the evolution of accretion disks cannot be solely
provided by the molecular viscosity of the gas, which is many orders of magnitude too small to
have any considerable effect on mass and angular momentum transport. Instead, a “turbulent”
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Figure 3: A vertical slice through a protoplanetary disk resembling the DM Tau system as calcu-
lated with the ANDES thermochemical disk model.71 The high values are marked by red color,
the low values are marked by dark blue/black colors. (Left) The radial and vertical profile of the
dust temperature (in Kelvin). (Middle) The radial and vertical profile of the gas temperature (in
Kelvin). Note that the gas temperatures are much higher than the dust temperatures in the disk
surface layers. (Right) The radial and vertical profile of the gas particle density (in cm−3).
viscosity has been invoked to explain the accretion behavior of protoplanetary disks. The origin
of this viscosity was initially not known, and thus it has been often conveniently parameterized
by the so-called α parameter: ν = αcsH, where cs is the sound speed and H is the scale height
of the disk.72 A quantity α ≪ 1 describes the regime of subsonic turbulence, α ∼ 1 – transonic
turbulence, and α ≫ 1 – supersonic turbulence. Typical values for α inferred for protoplanetary
disks range between 0.001 and 0.1.12,73,74
In the case of steady-state optically thick disks with local energy dissipation the kinetic tem-
perature T decreases with disk radius as R−3/4. The mass accretion rate in such an α-disk is
given by dM(r)dt ∝ νΣ(r) ∝ αcs(r)H(r)Σ(r), where Σ(r) is the surface density (g cm−2). The gas in
disks moves on nearly circular orbits because the radial velocity component is much smaller than
the angular velocity. In most cases the mass of the central star(s) exceeds by far the mass of the
disk itself, and the angular velocity is given by the Kepler law, with VK =
√
GM⋆/R (where G is
the gravitational constant and M⋆ is the mass of the central star). If one assumes that the disk is
isothermal in vertical direction, then the ratio H/R should increase with radius R and the disk has
a “flared” geometry.75,76
The physical origin of the turbulent viscosity in accretion disks, especially in protoplanetary
disks, is a major topic of ongoing astrophysical research. In ionized accretion disks a powerful
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magnetorotational instability (MRI) can efficiently drive angular momentum transport and pro-
vides effective α values of the right order of magnitude.57,73,77 However, in deep disk interiors,
where even cosmic rays are not able to penetrate efficiently, the ionization degree drops to very low
values, and dust grains become the dominant charge carriers.43,78,79 This can halt the MRI locally
and thus results in a turbulent-inactive region (where α-values drop well below 0.01).
These dynamically quiet “dead” zones together with the more turbulent disk regions can result
in very complicated density, temperature, and velocity structures in protoplanetary disks.30,80,81
In very massive disks and/or the colder outer regions of disks global gravitational instabilities can
occur, which are another potential source of angular momentum transport. The effective operation
of gravitational instabilities depends strongly on the delicate balance between local cooling and
heating rates, which are often difficult to constrain.82,83
The thermal structure of protoplanetary disks, obviously a key parameter for disk chemistry,
is not only determined by the dissipation of accretion energy. In fact, accretion heating is only
dominant in the very inner, densest disk region where planets form, while in the inner surface
layers and the outer disk regions the processing of stellar and interstellar radiation by dust particles
plays a key role.84,85 The protoplanetary disks are divided on three different classes according to
the luminosity and mass of their central stars: (1) disks around brown dwarfs, (2) disks around
Sun-like T Tauri stars, and (3) disks around more luminous and massive Herbig Ae/Be stars.
Brown dwarfs are “failed” stars that are not massive enough to empower hydrogen burning,
and which produce internal energy solely by gravitational contraction followed by slow, steady
cooling. Not much is known yet with respect to chemistry in their disks, both theoretically and
observationally, so we will not discuss it in our review. T Tauri stars are young, . 10 Myr, pre-
main-sequence stars of the F–M spectral types, which are surrounded by gaseous nebulae. They
have masses below ∼ 2MSun, surface temperatures similar to that of the Sun, and large radii &
2RSun. Hydrogen burning does not start in their interiors until they are about 100 million years old,
so, like brown dwarfs, they are still powered by gravitational contraction. T Tauri stars are active
and highly variable, with strong stellar winds, and intense thermal X-ray and non-thermal FUV
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radiation.86–88 Herbig Ae/Be stars are more massive (∼ 2−8MSun), hotter (∼ 8000−15000 K),
and more luminous (& 15− 200LSun) counterparts to the T Tauri stars of the spectral types A or
B.89 Being hot, Herbig Ae/Be stars produce stronger thermal UV radiation than the T Tauri stars.
Their X-ray luminosities are in general lower than those of the T Tauri stars due to the lack of
efficient dynamo mechanism in their non-convective photospheres.90,91
In strongly accreting disks the midplane temperatures can be as high as 1 000 K at radii of
several AU.92 The direct irradiation from the central star can lead to the formation of inner disk
walls, and thus disk shadows and complicated flaring patterns.93 The highest dust temperatures in
the disks, T ∼ 1500 K, are set by the sublimation temperatures of the most refractory solids (e.g.
corundum, Al2O3) and combustion-like destruction of carbonaceous compounds.94 Apart from
radial temperature gradients, we can also expect a steep rise of temperature in the vertical direction.
All these factors make the construction of realistic disk models a challenge, and, obviously, a multi-
dimensional description is required.
In most of current disk physical models the disk structure is considered to be in hydrostatic
equilibrium between gravity and thermal pressure. Consequently, the vertical density distribution
can be approximately described by a Gaussian function with exp(−(z/H)2), where z is the vertical
disk height. In the deeper interiors of the disks dust and gas remain well coupled through collisions
and the kinetic temperature of the gas is equal to the dust temperature. This is not the case in the
upper tenuous disk layers, where a detailed balance of gas heating processes, mostly dominated by
photoelectric heating by the stellar FUV radiation, and gas cooling through CO, C, C+ and O line
emission and other cooling lines must be calculated.71,95–97 In disks where dust and gas are well
mixed, dust and gas temperatures are equal slightly above the optical depth = 1 surface.95 This
corresponds to gas particle densities of about 106− 107 cm−3.71 The exact density value for the
dust-gas coupling depends on the dust cross section per H atom. The collisional coupling between
gas and dust may be reduced by dust settling to the midplane, decreasing the dust-to-gas ratio. In
addition, grains may coagulate, which will also lead to a reduction of the dust cross section per
hydrogen atom.71,97,98
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Photoelectric heating rates depend sensitively on the abundance of very small particles and
polyaromatic hydrocarbons (PAHs), which is often difficult to estimate.71,95,99 In addition to FUV
radiation, strong X-ray emission and flares are observed in T Tauri stars, which is an important
additional heating mechanism of the disk atmospheres by energetic secondary electrons.100,101 At
a radial distance of 1 AU from the star the gas temperature in the disk atmosphere can become as
high as 5 000-10 000 K (see Fig. [figure][3][]3), which raises a question regarding the dynamical
stability of this region. According to advanced disk models, it is plausible that the inner atmosphere
is gradually lost, steadily reducing the disk mass and changing the global disk structure.45,48
The gas accretion process is not the only driving force of disk evolution. Protoplanetary disks
are also characterized by a variety of dust evolution processes, including dust growth, fragmen-
tation, vertical sedimentation, and radial drift102 (for reviews see17,103). The overall dust growth
implies transformation of sub-micron sized particles into km-sized bodies, which covers many or-
ders of magnitude on a spatial scale and which is governed by a multitude of physical processes.
In essence, dust particles are assembled into cm-sized pebbles by Brownian motion, differential
drift, and turbulence, followed by the dust decoupling from the gas and rain down of bigger grains
toward the disk midplane. The headwind exerted on these pebbles by the gas that orbits at slightly
sub-Keplerian velocity leads to rapid inward transport and loss of these pebbles (also due to mutual
destructive collisions at & 10 m s−1).102,104,105 Currently it is difficult to single out the most robust
mechanism to overcome this so-called “1 m-size” barrier to continue the grain growth into the
meter and kilometer regime. Plausible explanations include trapping of solids in turbulent eddies
and other long-lived over-densities in disks produced by turbulence.105–108 When km-sized bodies
are formed from the pebbles, they interact with each other gravitationally and efficient growth is
regulated by the few most massive first planet embryos (“oligarchic” growth).
In the modern version of the so-called core-accretion scenario of planet formation109–111 meter-
sized rocks in the disk midplane become subject to gravitational instabilities leading to the for-
mation of km-sized planetesimals.112 These planetesimals grow through gravitationally induced
mutual collisions and coalescence to solid planet cores. Giant planets form if there is enough gas
10
left in the disk to gravitationally collapse onto these cores, forming their massive atmospheres at
the last stage of evolution. Upon formation planets can further interact with the turbulent gas in
disks and can radially migrate and clear gaps or entire inner holes, depending on the planet mass
and the actual disk structure.113 An alternative scenario is the formation of massive clumps in
outer cold regions of mostly massive protoplanetary disks.31,114 This scenario has recently again
attracted attention in order to explain the presence of directly-imaged massive planets or brown
dwarfs on wide orbits.115 Detailed analysis of direct imaging data indicates that sub-stellar com-
panions formed by disk instabilities are rare and the core accretion remains the likely dominant
formation mechanism for the entire planet population.116
2.2 Global Parameters of Protoplanetary Disks
The disks masses and sizes and their radial and vertical temperature and density distributions are
important quantities both for the disk chemistry and the planet formation process. A comprehen-
sive overview how these quantities are actually measured through astronomical observations and
which results have been obtained is provided by Williams & Cieza.12 Here, we will only summa-
rize some of the most important results.
The mass of protoplanetary disks is dominated by molecular hydrogen and helium in a mass ra-
tio defined by the cosmic abundance of these elements. Unfortunately, the total disk masses cannot
be determined directly from molecular hydrogen emission because H2 is a homonuclear molecule
without allowed electric dipole transitions and most of the disk mass is at too low temperatures to
emit in ro-vibrational magnetic quadrupole transitions. These lines occur at near- and mid-infrared
wavelengths and need excitation temperatures that are only provided in the very inner disk regions
at several AU from the star (1 AU (astronomical unit) = mean distance between Sun and Earth).
Another complication is the fact that the emission from dust itself is often optically thick at these
wavelengths and that one can only probe a very limited surface region of the disk.117 Disk emission
from the CO molecule in its rotational transitions are frequently measured thanks to its relatively
high abundance and permanent dipole moment. However, the CO/H2 abundance ratio changes
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with radius and vertical depth because of three main factors. First, CO gas severely freezes-out
on dust grains in the cold disk midplane (where temperatures drop below about 20 K).51,118 Sec-
ond, in the irradiated disk atmosphere CO can be photodissociated by FUV radiation, despite the
ability of this molecule to self-shield itself.44,46,119–121 Third, due to large concentrations of CO in
disks, 12C16O rotational emission lines become saturated and probe the disk matter only at specific
depths. The last problem can be circumvented by using rare isotopologue lines of CO having much
lower optical depths, such as 12C18O and even 12C17O.122 This implies that mass estimates based
on CO observations alone are highly uncertain, at least for the colder disks around T Tauri stars.
An elegant way to infer disk masses would be to use the rotational lines of HD to circumvent
the H2 and CO problem with disk mass determinations. However, this requires very high sensitivity
at far-infrared wavelengths. The Herschel observatory provided the first such detection in the disk
around the nearby star TW Hya.123 This observation demonstrated that the disk mass in this system
is not as small as previously thought and is at least 0.05M⊙.
The thermal emission of the dust particles can be relatively easily measured because of their
much higher opacities. Under the assumption of optically thin disk emission, which is best fulfilled
for protoplanetary disks at (sub-)millimeter wavelengths, and with a specified dust opacity, which
is often poorly constrained, the measured flux values can be directly converted into dust masses.
The dust disk mass Mdust is given by
Mdust = F1.3mmD2/κ(1.3mm)B1.3mm(Tdust). (1)
Here, F1.3mm is the flux at 1.3 mm wavelength, D is the distance to the object, B1.3mm is the
Planck function at the dust temperature Tdust, and κ(1.3mm) is the mass absorption coefficient
per gram of dust. One should note that the measured dust emission is only sensitive to grain
sizes up to millimeters and the mass reservoir in larger “boulders” cannot be constrained this way.
Under the assumption of a canonical gas-to-dust mass ratio of 100, total disk masses can then be
derived. With these caveats in mind, inferred median disk masses of 510−3 solar masses and a
median disk-to-star mass ratio of 0.5% has been obtained from surveys of the Taurus-Auriga and
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ρ Ophiuchus star-forming regions.124–126 In a recent study127 an inherently linear disk mass vs.
stellar mass scaling relation was found, but with a considerable dispersion at any given stellar mass,
probably reflecting the combined effect of evolution, different dust properties, and temperatures.
A considerable fraction of these disks has masses above 10 Jupiter masses, a minimum value of
mass needed to form the solar system within the orbit of Neptune at ∼ 30 AU. Other factors that
influence the mass of disks through orbital interaction are close-in binaries or planetary systems.
As stars rarely form in isolation, the proximity to very massive stars may lead to premature gas
photoevaporation or disk disruption through dynamical interactions between cluster members.
Accretion rates in protoplanetary disks, mostly measured close to the star, cover a wide range
of values from 10−9 to 10−12 M⊙ yr−1. They depend on a variety of parameters, with the most
important being the stellar mass128–130 and the stellar age and evolutionary status of the disk.23,131
The disk radii are often difficult to determine precisely because of the vanishing emission at
their cold and low-density outer edges. Submillimeter interferometric studies with high sensitivity
and spatial resolution provided disk radii between 10 AU and 1 000 AU (with a typical value of ∼
200 AU). An interesting observational finding has been that the sizes of the gas disks, as determined
by CO emission, are significantly larger than the sizes of the dust continuum images.36,132 These
studies also provided estimates for the radial surface density distribution, assuming a power law
for regions not too close to the outer disk edge. Towards the outer disk edge radial surface density
tends to fall off exponentially.126 The obtained power law is relatively flat with a power law index
close to −0.9.
The radial gas temperature distribution in the outer disk seems to follow a power law with a
power law exponent between −0.4 and −0.7.36,133,134 These temperature distributions are similar
to what has been obtained from the modeling of the continuum spectral energy distributions of
disks.124,134
Multi-line studies in the low-lying rotational transitions (J = 1− 0 up to 6− 5) of CO iso-
topologues are presently providing a first insight in the vertical temperature structure of the outer
regions of protoplanetary disks.36,135,136 These lines originate from different vertical layers of the
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disks depending on the location of the regions where their optical depths is close to 1. A rather
surprising result of these studies was the discovery of a significant fraction of cold CO gas that has
temperatures below the freeze-out temperature of CO of about 20 K.36,137
Infrared surveys of large populations of disks in stellar clusters of various ages have shown that
the disk frequency is a function of cluster age and steadily decreases from young star-forming re-
gions with ages of 1 Myr to older regions of about 10 Myr138 with a median disk lifetime of several
Myr. Even shorter lifetimes were estimated for the presence of gas in inner disk regions, based on
measurements of the gas accretion rates.131 The search for colder gas in somewhat older systems
has been largely unsuccessful with a few exceptions.139 This implies that giant planet formation
has to occur over the relatively short timescale of a few million years, much smaller compared to
the age of our solar system of 4.567 billion years, as measured by radioactive dating of various
meteoritic samples.140 Our present insight into the gas-phase composition of protoplanetary disks
indicates that timescales of key chemical processes have to be shorter than ∼ 1 Myr.68
3 Material Inventory and Fundamental Chemical Processes in
Disks
3.1 Inventory of Gas-Phase Molecules
The detection of molecular line emission at infrared wavelengths requires relatively high spectral
resolution in order to isolate the weak molecular lines from the bright dust continuum emission
of the disks. In addition, the protoplanetary dust disks are optically thick at infrared wavelengths
and line emission can only be observed from the tenuous warm surface layers. This is different
for the (sub-)millimeter wavelength range where the dust disks are optically thin and molecular
line emission can be observed throughout the entire disk, although the inner dust disk may still be
optically thick. We should note that the emission of many molecules originates from above the
very cold midplane, where freeze-out of gaseous species onto grain surfaces occurs. The sensitiv-
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ity and spatial resolution of the present (sub-)millimeter facilities limits most of the observations
to the very outer regions of disks beyond ≈ 30− 100 AU and to the most massive disks around
nearby objects such as TW Hya, DM Tau and MWC 480. On the other hand, infrared spectroscopy
can trace both molecular lines as well as characteristic absorption or emission features of solids.
It is also sensitive to molecules without strong dipole moments, including PAHs with their forest
of infrared emission lines. The different wavelength regimes correspond roughly to different tem-
peratures and thus distinct disk regions, keeping in mind that the temperature is decreasing from
the inner to the outer disk. We now discuss the results starting with the longest (sub-)millimeter
wavelengths and finishing with the near-infrared wavelengths.
3.1.1 Results from (Sub-)millimeter Spectroscopy
(Sub-)millimeter spectroscopy with single-dish and interferometric facilities has provided a first
inventory of molecules in the outer regions of disks. Two major programs, “Chemistry in Disks”
at the IRAM 30-m telescope and the Plateau de Bure Interferometer37,47,141–145 and “DISCS” at
the SMA interferometer on Hawaii39,56,146 have provided most of the molecular line data on disk
chemistry.
Apart from CO with its main isotopologues (13CO and C18O), a handful of relatively simple
polyatomic molecules (HD, H2CO, CS, C2H, c-C3H2, HCN, HNC, CN, DCN) and molecular
ions (N2H+, HCO+, DCO+, H2D+) have been discovered by a variety of facilities. The various
molecules trace different physical and chemical processes in the disks (see Table [table][1][]1).
The abundances of the discovered molecules relative to molecular hydrogen range between ∼
10−10− 10−4. Here we note that astronomical observations provide line intensities, which have
to be converted into column densities, assuming a specific temperature and density structure of
the disk. This makes the analysis of molecular emission lines a challenging, non-trivial task, with
resulting quantities usually uncertain by a factor of several.
Recently, the first heavier organic molecule, the cyanoacetylene HC3N, was discovered in the
disks around GO Tau and MWC 480.144 Heavier polyatomic molecules remain undetected because
15
Table 1: Molecular Lines as Tracers of Physical and Chemical Conditions in Disks
Molecule Transitions Quantity Wavelengths
12CO, 13CO Rotational and Ro- Temperature IR, FIR, sub-mm/mm
vibrational
H2 Ro-vibrational Temperature IR
CS, H2CO, HC3N Rotational Density sub-mm/mm
HCO+, N2H+, CH+ Rotational Ionization sub-mm/mm, FIR
CN, HCN, HNC Rotational Photochemistry sub-mm/mm
H2O, OH (inner disc) Rotational Temperature IR
Photochemistry
H2O, OH (outer disc) Rotational Photodesorption FIR
Complex organics (outer disc) Rotational Grain surface processes sub-mm/mm
Complex organics (inner disc) (Ro-)vibrational High-T chemistry IR
Photochemistry
HD, DCO+, DCN, H2D+ Rotational Deuteration FIR, sub-mm/mm
CS, HC3N Rotational Turbulence sub-mm/mm
of their low abundances, weak line intensities due to energy partitioning into a multitude of levels,
and the limitations in sensitivity of the present-day facilities. The situation will change when
the Atacama Large Millimeter/Submillimeter Array (ALMA) becomes fully operational by the
end of 2013, bringing unprecedented sensitivity and spatial and spectral resolution. This will
allow searches for complex species at low spatial resolution (to maximize sensitivity) and detection
of strong molecular emission from inner regions of protoplanetary disks at high resolution (r &
10−20 AU). The first discovery of a somewhat heavier molecule with ALMA was the detection
of cyclopropenylidene, c-C3H2, in the disk around TW Hya.147
A general result of these molecular line studies is evidence for the depletion of molecules
relative to molecular abundances observed in the interstellar medium50,148 (see Fig. [figure][5][]5).
This is caused primarily by two effects. First, freeze-out (or “depletion”) of molecules onto dust
grains occur in cold disk midplanes, where later some of these ices may become incorporated in icy
bodies such as comets. Second, molecules are destroyed by photodissociation in disk atmospheres.
Indeed, photodissociation products like CN and the elevated CN/HCN ratios point to the presence
of photon-dominated regions at disk surfaces.
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3.1.2 Results from Far-Infrared Spectroscopy
The Herschel far-infrared observatory with its spectrometer instruments PACS (with a moderate
spectral resolution of 1 000–4 000) and HIFI (with a high spectral resolution up to 106) has pro-
vided a flood of interesting molecular data on disk chemistry. Apart from the discovery of cold
and warm hydroxyl and water in a number of disks149–152 and the recent detection of cold water
vapor in the TW Hya disk153 (see Section [section][4][]4), the observatory revealed warm CO
emission in a large number of disks around more massive, hotter Herbig Ae/Be stars.150,154,155
The wavelength range of the PACS instrument covers mid- to high-lying rotational J transitions
(and CO transitions up to J=31-30 could be discovered), demonstrating the presence of gas with
temperatures between 100-1 000 K.155
In addition, the oxygen fine structure line at 63µm, and much less frequently the [OI] line at
145µm, have been observed in a number of protoplanetary disks with Herschel.150 The fine struc-
ture line of neutral atomic carbon at 158µm has also been detected, albeit much less frequently
than was anticipated from preliminary modeling.156 A surprise was the discovery of CH+ in the
disks surrounding the two Herbig Ae stars HD 100546157 and HD 97048.150 The main formation
pathway for this ion is the endothermic reaction (with an activation energy of ∼ 4500 K) between
C+ and molecular hydrogen, implying that CH+ is tracing warm gas in the inner disk atmosphere.
An alternative explanation is a steady fragmentation of PAHs by intense stellar high-energy radia-
tion, releasing aromatic rings and its “debris”.
3.1.3 Results from Mid- and Near-Infrared Spectroscopy
Despite the relatively low spectral resolution provided by the infrared spectrometer on board the
Spitzer observatory (resolution of 90− 600 over the wavelength range from 5.3 to 38µm), this
mission provided extremely interesting constraints on disk chemistry in the planet-forming zones.
Apart from the first discovery of a forest of emission lines from hot H2O and OH in a number of
disks (see Fig. [figure][4][]4), CO2 and organic molecules such as HCN and C2H2 could be dis-
covered.158–164 Based on a comparison between disks around Sun-like stars and cool stars/brown
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dwarfs a significant underabundance of HCN relative to C2H2 was found in the disk surface of cool
stars.160 This difference between the two classes of objects indicates different chemical regimes
due to large differences in the UV irradiation of their disks. Additionally, strong vibration-rotation
absorption bands of CO2, C2H2 and HCN could be discovered in disk systems seen edge-on.165,166
The high temperatures between a few 100 K and a few 1 000 K and relatively high densities
of > 108 cm−3 in the very inner regions of protoplanetary disks are appropriate for excitation
of rotational-vibrational molecular transitions. Indeed, rotational-vibrational emission of CO at
4.7µm has been frequently observed in disks around Herbig Ae stars and T Tauri stars.168,169 An
analysis of the excitation conditions and velocity profiles suggests that the lines originate from a
range of radii from about 0.1 AU out to 1−2 AU.170 In a number of objects, CO overtone emission
at 2.3µm has been observed and traces hot and very dense gas close to the star.171 In addition,
high-resolution near-infrared spectroscopy (with spectral resolution between 25 000 and 96 000)
with the CRIRES instrument at the Very Large Telescope in Chile and the NIRSPEC instrument
at the Keck telescope revealed the presence of H2O, OH, HCN and C2H2 in the very inner disk
regions.164
The presence of the larger PAH molecules in disk surface layers would have important impli-
cations for their gas temperature through photoelectric heating and chemistry on their surfaces,
including the formation of molecular hydrogen.172 Infrared emission from PAHs has mostly been
observed from the disks around Herbig Ae stars,173 with many non-detections toward the T Tauri
disks.174,175 The overall PAH emission strength is generally higher in targets with a flared disk
geometry, pointing to the importance of the radiation field. The relative differences in the IR
emission features are mainly caused by chemical differences, especially the ratio of aromatic to
aliphatic components induced by the stellar UV radiation field.173
3.2 Refractory Grains and Molecular Ices
Ground-based infrared observations in the 8−13µm atmospheric window and spectroscopic data
from the Infrared Space Observatory, the Spitzer satellite and the Herschel space mission have
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164 13 → 151 14
87 2 → 72 5
153 13 → 140 14
152 13 → 141 14
105 6 → 90 9
127 5 → 114 8
153 12 → 142 13
164 12 → 153 13
143 12 → 130 13
142 12 → 131 13
95 5 → 80 8
147 8 → 134 9
C2H2
CO2
HCN
127 6 → 114 7
107 3 → 94 6
117 5 → 104 6
115 6 → 102 9
156 10 → 143 11
144 11 → 131 2
133 11 → 120 12
132 11 → 121 12
97 2 → 84 5
145 10 → 132 11
146 9 → 133 10
85 4 → 70 7
87 2 → 74 3
106 4 → 93 7
136 8 → 123 9
133 10 → 122 11
123 10 → 110 11
122 10 → 111 11
144 10 → 133 11
135 9 → 122 10
96 3 → 83 6
126 7 → 113 8
124 9 → 111 10
106 5 → 93 6
95 4 → 82 7
125 8 → 112 9
1313 0 → 1212 0
96 4 → 83 5
123 9 → 112 10
113 9 → 100 10
112 9 → 101 10
HI (7-6)
H2 S(2)
128 5 → 115 6
138 5 → 127 6
146 8 → 135 9
138 6 → 127 5
1111 0 → 1010 1
1111 1 → 1010 0
104 7 → 91 8
95 5 → 82 6
128 4 → 117 5
128 5 → 117 4
134 9 → 131 12
119 2 → 108 3
119 3 → 108 2 74 3 → 61 6
1010 0 → 99 1
1010 1 → 99 0
94 6 → 81 7
103 7 → 92 8
92 7 → 81 8
166 11 → 155 10
109 2 → 98 1
109 1 → 98 2
116 6 → 113 9
136 8 → 125 7
117 4 → 106 5
117 5 → 106 4
98 2 → 87 1
98 1 → 87 2
108 2 → 97 3
108 3 → 97 2
55 0 → 42 3
65 2 → 52 3
v=1-1 97 2 → 86 3
v=1-1 97 3 → 86 2
116 5 → 105 6
105 6 → 102 9
107 3 → 96 4
107 4 → 96 3
117 4 → 114 7
83 6 → 70 7
98 2 → 87 1
98 1 → 87 2
84 5 → 71 6
95 5 → 92 8
88 0 → 77 1
OH X3/2→ X3/2 11.5
OH X1/2→ X1/2 10.5
54 1 → 41 4
74 4 → 61 5
157 8 → 154 11
145 10 → 134 9
105 5 → 94 9
125 8 → 114 7
96 3 → 85 4
86 2 → 75 3
86 3 → 75 2
77 0 → 66 1
95 5 → 84 4
83 5 → 72 6
163 14 → 152 13
172 16 → 161 15
171 16 → 162 15
162 14 → 163 13
180 18 → 171 17
181 18 → 170 17
72 5 → 61 6
OH X3/2→ X3/2 8.5
OH X1/2→ X1/2 7.5
OH X3/2→ X3/2 9.5
OH X1/2→ X1/2 8.5
76 1 → 65 2
76 2 → 65 1
85 4 → 74 3
63 4 → 50 5
114 8 → 103 7
143 12 → 132 11
152 14 → 141 13
151 14 → 142 13
75 2 → 64 3
66 1 → 55 0
66 0 → 55 1
142 12 → 133 11
104 7 → 93 6
Figure 4: Selected major molecular lines in the Spitzer high-resolution spectrum of a disk around
the T Tauri star RNO 90. The transitions refer to the rotational quantum numbers JKaKc in the
ground vibrational state of water. Rotational transitions with odd sum of Ka and Kc correspond to
ortho nuclear spin configurations. Reprinted with permission from Reference.167 Copyright 2010
American Astronomical Society.
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Figure 5: Observed fractional abundances (wrt the amount of hydrogen nuclei) in the disk around
the Sun-like T Tauri star DM Tau and the prestellar core TMC1-CP. Data derived from Refer-
ences.56,68,141,142,144,176–181
provided a very rich collection of infrared spectra of protoplanetary disks around young stars. The
mid-infrared spectra of T Tauri stars and Herbig Ae/Be stars are dominated by emission features
produced by vibrational resonances in amorphous and crystalline silicates, see Figure [figure][6][]6
(see17,182 for reviews). The emission of the silicate dust particles comes from the optically thin
warm surface layer of disks with typical temperatures above 100 K. The comparison between
calculated absorption cross sections and fluxes based on experimentally determined optical prop-
erties and the observed silicate emission features led to the conclusion that a mixture of amor-
phous silicates with olivine and pyroxene stoichiometry, crystalline forsterite and enstatite and in
some cases silica can best explain the observed spectra.183 A comprehensive study of high-quality
Spitzer spectra of Herbig Ae/Be stars indicates that porous iron-poor amorphous silicates are re-
sponsible for the observed 10µm features produced by the Si-O stretching mode. In addition,
the analysis of the strength and shape of the 10µm silicate feature has provided strong evidence
for considerable grain growth to micron-sized particles, which are much larger than the “pristine”
submicron-sized dust grains of the interstellar medium (see17,182 for a review). The solid-state
infrared bands become flatter and finally disappear when the sizes of the emitting grains become
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comparable to the wavelength, i.e., for the 10µm silicate feature this occurs for grains bigger than
several microns.17,183,184 The observed anti-correlation between the size of the amorphous grains
and disk flaring points to the combined effect of coagulation and sedimentation.183,185,186 Coag-
ulation leads to depletion of growing dust grains from the extended disk atmosphere, as they are
gravitationally settling toward the midplane. Consequently, the surface where disks become opti-
cally thick moves along and the disk vertical structure becomes flatter. Evidence for much larger
grains up to centimeter sizes comes from the analysis of dust emission at millimeter and even
centimeter wavelengths.187–190
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Figure 6: The emission bands of crystalline silicates as observed with Spitzer in the spectra of
several T Tauri stars. The amorphous silicate and PAH features are removed from the spectra to
enhance the contrast. Data derived from Reference17.
Sharp bands of crystalline silicates can be observed in nearly all disk spectra (see Fig. [figure][6][]6).
The fractional abundances of crystalline silicates cover values between ≈ 1% and 30%. The ob-
served bands are best explained by emission from forsterite and enstatite particles. The forsterite-
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to-enstatite mass ratio changes with location, with lower values in the inner disks and higher values
in the outer disks. The analysis of the 69µm feature produced by forsterite particles clearly shows
that the particles are nearly iron-free.154,191 The presence of crystalline silicates in protoplanetary
disks is a finding that is in strong contrast to the properties of dust in molecular clouds and the
diffuse interstellar medium, where crystalline silicates are not found. The presence of crystalline
silicates in disks can only be explained by strong thermal processing in protoplanetary disks ei-
ther through thermal annealing and condensation in the inner regions of disks192 or shock heating
at several astronomical units from the central star.193 None of these theories is without problems
and fully consistent with the observational constraints. An interesting piece of information to
address the puzzle of crystal formation in disks was the observation of in-situ crystal formation
through the annealing of dust in the surface layers of the protoplanetary disk around the eruptive
star EX Lupi.194,195
Protoplanetary disks should certainly contain other solid phases such as Fe and FeS grains as
well as carbonaceous particles.196,197 However, such particles have not been discovered by infrared
spectroscopy so far either because they do not show intrinsic infrared bands, they are too large in
size to show strong features, or they are simply not abundant enough. In a few disks around
Herbig Ae/Be stars infrared features at 3.43 and 3.53µm have been detected.198 These features
were identified as the vibrational modes of hydrogen-terminated facets of nano-diamonds.199
In the rare situation of disks seen edge-on evidence for the presence of molecular ices can
be found through their absorption features.200,201 An interesting example of such an object is the
source CRBR 2422.8-3423,202,203 where at least part of the H2O and CO2 absorption features are
apparently produced in the disk. In addition, a feature at 6.85µm, tentatively attributed to NH+4 ,
shows evidence for grain heating to≈ 50 K and is certainly produced in the disk around this object.
Librational features of crystalline water ice at 44 and 63µm have the potential to provide im-
portant information about the frozen water reservoir. So far, these features have only be detected
in very few objects,204 but the Herschel mission should find the 63µm feature in some additional
disk sources.205
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3.3 Main Chemical Processes
As discussed in Chapter [section][2][]2 protoplanetary disks are characterized by strong verti-
cal and radial temperature and density gradients together with vastly different radiation fields at
various disk locations. These locally different disk properties imply a rich and diverse disk chem-
istry, including photochemistry, molecular-ion reactions, neutral-neutral reactions, gas-grain sur-
face interactions, and grain surface reactions. A summary of relevant reactions is provided in
Table [table][2][]2.
Based on the radially decreasing temperature, disk chemistry can be roughly divided in inner
disk chemistry (. 20 AU) and chemistry in the outer disk regions beyond 20 AU. Observationally
the products of inner disk chemistry are best characterized by infrared spectroscopy, whereas the
outer disk is the domain of (sub-)millimeter observations.
Table 2: Chemical reactions active in disks
Process Example Midplane Molecular Atmosphere Inner
layer zone
r > 20 AU r > 20 AU r > 20 AU r < 20 AU
Bond formation
Radiative association C+ + H2 → CH+2 + hν X X X X
Surface formation H + H‖gr→ H2 + gr X X 0 0
Three-body H + H + H→ H2 + H 0 0 0 X
Bond destruction
Photodissociation CO + hν → C + O 0 X X X
Dissociation by CRP H2 + CRP → H + H X X 0 0
Dissociation by X-rays — 0 X X X
Dissociative H3O+ + e−→ H2O + H X X X X
recombination
Bond restructuring
Neutral-neutral O + CH3 → H2CO + H X X 0 X
Ion-molecule H+3 + CO→ HCO+ + H2 X X X X
Charge transfer He+ + H2O→ He + H2O+ X X X X
Unchanged bond
Photoionization C + hν → C+ + e− 0 X X X
Ionization by CRP C + CRP→ C+ + e− X X 0 0
Ionization by X-rays — 0 X X X
Inner disks are characterized by their high temperatures (from about 100 K to 5000 K) and
high densities up to 1012 cm−3 (and more). At these high temperatures and densities in the disk,
chemistry approaches a quasi-equilibrium. In the absence of intense sources of ionizing radiation
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neutral-neutral reactions with barriers (& 100−1000 K or& 0.2 eV) start playing an important role
in the densest warm disk inner regions.206 Thus the inner disk chemistry comes closer to conditions
known for “terrestrial” chemistry, driven by 3-body collisions, albeit characteristic timescales of
the disk chemical processes are usually much longer.68 At the very high densities, >1012 cm−3,207
3-body reactions become important in inner disks, such as the formation of molecular hydrogen
by collisions of two hydrogen atoms and another particle that takes away the excess of energy of
formation.
At the high temperatures and densities of inner disks molecules should be abundant in the gas
phase until they are destroyed by thermal dissociation (T & 2500− 3500 K). Chemical models
of the inner disk chemistry61,208–212 predict high abundances of H2O and CO vapor at 1 AU and
the presence of N-bearing molecules (NH3, HCN, HNC) and a variety of hydrocarbons (e.g. CH4
and C2H2). Radiation fields for higher-mass stars may lead to the destruction of water and the
formation of OH molecules in inner disk atmospheres.213
In contrast to “terrestrial” chemistry typical for very inner dense disk regions, high-energy radi-
ation and cosmic rays are key drivers of outer disk chemistry.32,42,44,49,71,96,98,214–216 The ionizing
radiation leads to the production of various ions, including H+3 . The proton transfer processes
from ions to other neutrals drive rapid ion-molecule chemistry.217–220 The ion-molecule processes
are mostly barrierless and thus effective even at temperatures well below 100 K, particularly in
reactions involving long-range Coulomb attraction between an ion and a polarizable molecule.
Another important feature of disk chemistry is the freeze-out of molecules at low temperatures
in the outer disks. These molecules are then no longer available for gas-phase chemistry. The ices
on dust surfaces may remain chemically active. These ices no longer exist at the high temperatures
of the inner disks due to sublimation, where dust grains are bare solids. The sublimation of water
ice occurs at about 150 K and defines the so-called “water snow line”, which is located at 2−3 AU
in the early solar nebula.221–224 The CO “snow line” is located at a larger radial distance of about
20 AU (beyond the orbit of Uranus), where the gas temperature drops below 20 K. We should note
that the positions of the “snow lines” evolve with evolutionary stage of the disks and are a function
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of the luminosity of the central star.51,225
In the outer disk (r & 20 AU) we can distinguish three chemically different regimes depending
on the vertical disk location.214 In the disk surface layers stellar UV radiation and the interstellar
radiation field ionize and dissociate molecules and drive ion-molecule chemistry. In this photon-
dominated region photochemistry is particularly important and depends strongly on the strength
and shape of the radiation field. T Tauri stars emit intense non-thermal UV radiation from the
accretion shock, often in a pronounced Lyman α line,226,227 while the hotter Herbig Ae/Be stars
produce large amounts of thermal UV emission. The integrated flux of the stellar UV radiation
at 100 AU can be higher by a factor of 100−1000 for a T Tauri disk87 and 105 for a Herbig Ae
disk,99,228 respectively, compared to the interstellar radiation field.229 Photodissociation operates
very differently for different molecules and is a sensitive function of the actual radiation field.
As an example Lyman α photons will selectively dissociate HCN and H2O, while other molecules
such as CO and H2 are practically unaffected.44 Many of the other important molecules such as CO
and H2 are dissociated by FUV radiation at wavelengths between 91.2 and 110 nm.44,230 Since the
dissociative destruction of the abundant H2 and CO molecules operates through photoabsorption
at discrete wavelengths isotopically-selective photodissociation based on various degrees of self-
shielding is possible.46,231 Selective photodissociation of CO by the interstellar radiation field can
also play an important role at the far outer edges of disks as has been demonstrated for the DM Tau
disk.137
The keV X-ray radiation is another important energy source for disk chemistry. Unlike the
stellar UV luminosities, the stellar X-ray luminosities decline from T Tauri to Herbig Ae/Be stars.
The representative median values for T Tauri stars are log(LX/Lbol)≈−3.5 (where Lbol is the total
bolometric luminosity of the stars), which gives LX ≈ 31029 erg s−1 (with an uncertainty of an
order of magnitude).88,232 This radiation is generated by coronal activity similar to our Sun but
& 1000 times stronger, which is driven by magnetic fields generated by an dynamo mechanism
in convective stellar interiors. In contrast, Herbig Ae stars have weak surface magnetic fields due
to their non-convective interiors, and, consequently, their X-ray luminosities are & 10 times lower
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than those of T Tauri stars.90 The X-ray emitting source is often posited high above the stellar
photosphere, at distances of several stellar radii, and thus X-ray photons reach the disk atmosphere
at an oblique angle and are able to penetrate deeper into the disk compared to the stellar FUV
photons.52 Also, having average energies of several keV, the X-ray photons are able to penetrate
through higher gas columns of ∼ 0.1−1 g cm−2 compared to the FUV photons (< 0.01 g cm−2).
The unique role of X-rays in disk chemistry is their ability to ionize He (with a huge ionization
potential of 24.6 eV), producing chemically active He+. Due to its high electron affinity, ionized
helium is able to destroy the tightly bound CO molecules (and other gas species), replenishing
elemental carbon and oxygen back to the gas. This process drives a rapid and rich gas-phase
hydrocarbon chemistry and enriches overall gas molecular complexity.
Adjacent to the disk surface is a warm molecular layer (T ≈ 30−70 K), where the CO molecule
is protected from freeze-out. This region is partly shielded from stellar and interstellar UV/X-ray
radiation allowing a rich molecular chemistry. Water is still frozen onto dust grains, removing most
of the oxygen from the gas phase. This implies relatively high gas C/O ratios close or even larger
than 1, leading to a carbon-based chemistry. Finally, UV photons may drive photodesorption in less
opaque regions with experimentally determined rates available for CO, H2O, CH4, and NH3.233–236
The third layer is located deep in the interior of the disk close to the midplane. This layer
is completely shielded from high-energy radiation (apart from cosmic ray particles and locally
produced energetic particles due to decay of short-lived radionuclides). The temperature drops
below 20 K; freeze-out of molecules and hydrogenation reactions on grain surfaces dominate the
chemistry. The freeze-out timescale tfreeze for the standard gas-to-dust mass ratio of 100 and a
sticking probability of 1 can be roughly estimated by the following expression:
tfreeze ≈ 10
9cm−3
nH
ad
0.1µm years, (2)
where nH is the gas particle density (in cm−3) and ad is the typical grain radius (in µm). The
freeze-out timescales in the cold midplanes of protoplanetary disks (with typical densities of ∼
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106−108 cm−3) are of the order of 10 to 103 years, indicating that most of the material in the gas
phase is frozen-out within a fraction of the disk lifetime. The most important desorption process
for volatiles such as CO, N2, and CH4 is thermal desorption. In addition, cosmic ray and X-ray
spot heating may release mantle material back to the gas phase.237–239
3.4 Status of Chemical Models for Protoplanetary Disks
In this Section we provide an overview of the status of chemical models of protoplanetary disks,
but do not discuss in detail chemical models tuned to the specific conditions of the solar nebula.
Historically, the first chemical models were developed for studies of the chemical composition
of planets and primitive bodies in the solar system.240 These models were usually restricted to
the inner, planet-forming midplane region of the nebula (r . 10−30 AU). In these models “dark”
conditions were assumed, with cosmic rays and the decay of short-living radionuclides as the only
ionizing sources. These warm, dense and dark conditions imply that chemical equilibrium is likely
to be reached within several million years of the nebula’s lifetime. Consequently, thermodynamical
equilibrium was usually assumed in the chemical models of the early inner solar nebula. The
primary focus of research of these nebular models was sublimation and condensation of various
types of minerals as a function of distance, and the impact of nebular dynamics and evolution on
these processes.241–244 We should note however that even for the chemical models of the inner
solar nebula the assumption of chemical equilibrium may not be appropriate because radiation is
certainly more important than previously assumed.
For example, comprehensive studies of dust evolutionary processes and the interaction of high-
energy radiation with gas and dust, together with radial advective transport, were performed by
the Heidelberg ITA group.58,59,192,245–251 Initially in these studies ice mantle evaporation and ac-
cumulation, and dust evaporation and destruction were included in the models. Then, ionization
of nebular matter by cosmic rays, radionuclides and UV photons was investigated. Later, vari-
ous annealing and combustion processes for carbonaceous dust and metamorphosis of silicate dust
were considered. Similar studies that investigated the evolution of more volatile materials, in par-
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ticular, water ice, and isotopic fractionation, were conducted.60,121,252–254 In65 a self-consistent
chemo-dynamical model of the solar nebula was presented, which coupled 2D-hydrodynamics
with extended gas-phase neutral-neutral chemistry and the consideration of dynamical transport
processes. A series of studies were devoted to explain the origin of complex organic materials
found in carbonaceous meteorites, which show extreme hydrogen and nitrogen isotopic anoma-
lies (see Section [section][6][]6). The importance of non-equilibrium chemistry in the outer, more
distant or more UV-irradiated parts of the solar nebula was also recognized, albeit not widely con-
sidered.255–257
In contrast to the chemical models of the solar nebula, chemical models of protoplanetary
disks are mostly based on detailed chemical kinetics models, including a multitude of processes
with hundreds and thousands of chemical reactions (see Table [table][3][]3). This makes exten-
sive disk chemical modeling a computationally intensive task, and thus many modern astrochemi-
cal models are decoupled from disk dynamics.41,42,95,156,208,209,215,228,258–262 The underlying disk
physical structure is often based on a steady-state, 1+1D α-model in vertical hydrostatic equi-
librium,92,141,263 mostly with uniformly distributed, single-sized dust grains or power law size
distributions with various minimum and maximum cutoff grain sizes.264 While in the past equilib-
rium between dust and gas temperatures throughout the disk was typically assumed, this simplistic
assumption tends to be relaxed in recent models, where chemistry in disk atmospheres and gas
thermal balance are calculated.71,95,265 This however requires detailed calculations of gas thermal
balance, including various heating and cooling processes such as photoelectric heating of gas by
FUV-irradiated dust and PAHs, gas-grain collisions, dust heating and cooling, fine-structure line
cooling via atomic species, etc., which is a non-trivial undertaking.
In contrast to the solar nebula models, most of the disk chemical models include photoprocess-
ing and a detailed treatment of the far-UV radiative transfer, either in an 1+1D plane-parallel266
or a full 2D approximation,42 also including resonant scattering of Lyα photons.91 Almost every
disk model includes ionization by cosmic ray particles and many include ionization due to de-
cay of short-living radionuclides. Disk models targeted to investigate chemistry in irradiated disk
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atmospheres and the molecular layer also include X-ray radiative transport.47,52,267,268 In several
studies deuterium chemistry was added to the chemical models.269–273
A recent advancement in studies of disk chemistry is the treatment of grain evolution. Grain
coagulation, fragmentation, sedimentation, turbulent stirring and radial transport are all important
processes to be taken into account. Grain growth depletes the upper disk layers of small grains
and hence reduces the opacity of disk matter, allowing the far-UV radiation to penetrate more
efficiently into the disk, and to heat and dissociate molecules deeper in the disk. Also, larger grains
populating the disk midplane may delay the depletion of gaseous species because of the reduced
total surface area.71,98,216,260
In addition to laminar disk models, a number of chemo-dynamical models of protoplanetary
disks were developed. For instance, chemical evolution in protoplanetary disks with 1D radial
advective mass transport was studied.207,210,273–275 The transformation of a parental molecular
cloud into a protoplanetary disk was studied using a 2D hydrodynamical code with 2D advection
flow coupled to gas-grain chemistry.46,276 Another class of chemo-dynamical disk models is based
on turbulent diffusive mixing, which smears out chemical gradients, and is modeled in 1D, 2D, or
even full 3D53–55,62–64,66,68,277–279 (see also Section [subsection][5][3]3.5). In several disk models
both advective and turbulent transport was considered,61,67 while45 studied photoevaporation of
disks and loss of the gas due to the stellar far-UV and X-ray radiation.
All those disk models are mainly axisymmetric models where mass is transported locally. Such
models may be inappropriate during the early phases of disk evolution when disks are massive
enough to trigger gravitational instabilities.280 Gravitational instabilities produce transient non-
axisymmetric structures in the form of spiral waves, density clumps, etc.,31,281 which might explain
asymmetries observed in some protoplanetary disks.18 More importantly, gravitational instabilities
lead to efficient mass transport and angular momentum redistribution, which could be characterized
by a relatively high viscosity parameter α ∼ 1. A first study where these effects were considered
along with time-dependent chemistry was recently performed.282
In the coming years, we can expect that sophisticated multi-dimensional magneto-hydrodynamical
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models will be coupled with time-dependent chemistry. First steps in this direction have been
made,64 where a simple chemical model has been coupled to a local 3D MHD simulation. Another
research direction is to add line radiation transfer to the disk chemical models in order to make pre-
dictions of line intensities and spectra.283–285 In addition, a detailed 2D/3D treatment of the X-ray
and UV radiation transfer with scattering is an essential ingredient for realistic disk chemical mod-
els.42,286 An accurately calculated UV spectrum including Lyα scattering is required to calculate
photodissociation and photoionization rates, and shielding factors for CO, H2, and H2O.91,101,211
In heavily irradiated disk atmospheres many species will exist in excited (ro-)vibrational states,
which may then react differently with other species and require addition of state-to-state processes
in the models.287 In the outer, cold disk regions addition of nuclear-spin-dependent chemical re-
actions involving ortho- and para-states of key species is required. Last but not least, a better un-
derstanding of surface processes, including non-thermal desorption, chemisorption, high-energy
processing of ices, diffusion through the ice mantle, and related factors have to be considered.
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Table 3: Chemical models of protoplanetary disks.
Year Ref. Disk Viscosity High-energy Gas Dust Chemistry
structure radiation thermal grain Reactions Time- Dynamics
UV X-rays CRP balance sizes dep.
1996 Aikawa et al.258,259 MMSN,288 steady passive no no 10−17 s−1 no 0.1µm gas-grain yes no
≥ 1998 Aikawa et al.207,269,289 1+1D,69 steady α = 0.01 no no 10−17 s−1 no 0.1µm gas-grain yes no
gas-grain, D no
rad. advection
1998 Willacy et al.208 1+1D, steady α = 0.01 no no 10−17 s−1 no uniform gas-grain yes no
≥ 1999 Aikawa & Herbst214,270 MMSN,288 steady passive 1+1D 1+1D52 10−17 s−1 no 0.1µm gas-grain yes no
2000 Willacy & Langer41 1+1D,290 steady passive 1+1D no 10−17 s−1 no uniform gas-grain yes no
2001 Kamp & van Zadelhoff291 (1+)1D,292 steady passive 1+1D no no yes power law gas-phase no no
2002 Aikawa et al.215 1+1D,92,263 steady α = 0.01 1+1D no 10−17 s−1 no 0.1µm gas-grain yes no
2002 Markwick et al.209,293 1+1D, steady α = 0.01 1+1D 3-layer 10−17 s−1 no uniform gas-grain yes no
2003 van Zadelhoff et al.42 1+1D,92,263 steady α = 0.01 2D no 10−17 s−1 no 0.1µm gas-grain yes no
2004 Glassgold et al.100,294–296 1+1D,92 steady α = 0.01−, no 1+1D52 no yes power law gas-phase yes no
2.0
≥ 2004 Gorti & Hollenbach96,97 1+1D, steady passive 1+1D 1+1D 1D yes power law gas-phase yes no
2004 Ilgner et al.61 1+1D, steady α = 0.005, 1+1D 3-layer209 1D no uniform gas-grain yes rad. advection,
0.01 vert. mixing,
2004 Jonkheid et al.99,297 1+1D,92 steady α = 0.01 1+1D no 510−17 s−1 yes power law, gas-phase yes no
evol. mdust/mgas
Continued on next page
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Year Ref. Structure Viscosity High-energy Gas Dust Chemistry
radiation thermal grain Reactions Time- Dynamics
UV X-rays CRP balance sizes dep.
2004 Kamp & Dullemond95 1+1D,298 steady passive 1+1D no yes yes 0.1µm gas-phase no no
2004 Semenov et al.43 1+1D,92 steady α = 0.01 1+1D 1+1D52 1D no 0.1µm gas-grain yes no
2005 Ceccarelli & Dominik271,299 2D,300 steady passive no no 310−19− no 0.1µm gas-phase, D no no
310−15 s−1
≥ 2005 Nomura et al.266,301 1+1D, steady α = 0.01 1+1D 1+1D 1D yes power law264 gas-grain yes no
2006 Aikawa & Nomura260 1+1D,301 steady α = 0.01 1+1D no 10−17 s−1 yes power law, gas-grain yes no
10 µm−
10 cm
≥ 2006 Ilgner & Nelson53–55,277 1+1D, steady α = 0.01 1+1D 1+1D, 1D no uniform gas-phase, yes vert. mixing
flares gas-grain
2006 Semenov et al.278 1+1D,92 steady α = 0.01 1+1D 1+1D52 1D no 0.1µm gas-grain yes 2D mixing
2006 Willacy et al.62 1+1D, steady α = 0.01 1+1D no 10−17 s−1 no power law gas-grain yes vert. mixing
2007 Aikawa63 1+1D,301 steady α = 0.01 1+1D no 10−17 s−1 no MRN302 law, gas-grain yes vert. mixing
amax = 10µm,
1 mm
≥ 2007 Dutrey et al.37,141,303 1+1D, steady α = 0.01− 1+1D 2D52,267 1D no 0.1µm gas-grain yes no
0.03
2007 Jonkheid et al.304 2D,300 steady passive 2D no 510−17 s−1 yes power law, gas-phase yes no
evol. mdust/mgas
Continued on next page
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Year Ref. Structure Viscosity High-energy Gas Dust Chemistry
radiation thermal grain Reactions Time- Dynamics
UV X-rays CRP balance sizes dep.
2007 Turner et al.64,279 3D MHD, 3D MHD no no 1D no 0.1µm gas-phase, yes 3D mixing
shear.-box reduced305
2007 Willacy272 1+1D,306 steady α = 0.01 1+1D no 10−17 s−1 no power law gas-grain, D yes no
≥ 2007 Willacy & Woods210,273,274 1+1D,306 steady α = 0.01, 2D40 1+1D96 1D yes power law gas-grain, D yes rad. advection
0.025
gas-grain, 13C
2008 Agúndez et al.261 1+1D,92,263 steady α = 0.01 1+1D no 10−17 s−1 no MRN302 law gas-phase yes no
2008 Chapillon et al.307,308 (1+)1D, steady passive 1+1D no 10−17 s−1 no power law gas-phase yes no
evol. mdust/mgas
2008 Vasyunin et al.309 1+1D,92 steady α = 0.01 1+1D 1+1D52 10−17 s−1 no 0.1µm gas-grain yes no
2009 Gorti et al.45 1+1D,69 evolv. α = 0.01, 1+1D 1+1D 1D yes 0.3µm gas-phase yes no
0.001,
0.1
2009 Hersant et al.66 2-layer passive 1+1D no 1D no 0.1µm gas-grain yes vert. mixing
2009 Nomura et al.275 1+1D, steady α = 0.01 1+1D 1+1D266 1D yes power law264 gas-grain yes rad. advection
≥ 2009 Visser et al.276,310 2D, evol. α = 0.01 1+1D no 510−17 s−1 no 0.1µm gas-grain yes 2D advection
≥ 2009 Woitke et al.157,265,268,285,311,312 2D,313 steady α 2D 2D 1D yes power law gas-grain no no
2010 Henning et al.47 1+1D, steady α = 0.01− 1+1D 2D52 1D no 0.1µm gas-grain yes no
0.03
Continued on next page
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≥ 2010 Walsh et al.49,262 1+1D, steady α = 0.01 1+1D 1+1D266 1D yes power law264 gas-grain yes no
2011 Cleeves et al.314 1+1D, steady passive 2D,91 1+1D52 10−17 s−1 no power law264 gas-grain yes no
Lyα
≥ 2011 Dutrey et al.142–145 2-layer66 passive 1+1D no 1D no 0.1µm gas-grain yes no
2011 Fogel et al.216 1+1D, steady α = 0.01 2D,91 1+1D52 1D no power law, gas-grain yes no
Lyα settling
2011 Ilee et al.282 3D HD grav. no no 1D no 0.1µm gas-grain yes 3D advection
instab.
2011 Heinzeller et al.67 1+1D, steady α = 0.01 1+1D 1+1D266 1D yes power law264 gas-grain yes rad. advection,
vert. mixing,
vert. disk wind
2011 Najita et al.212 1+1D,92 steady α = 0.01 no 1+1D52 no yes power law gas-phase no no
2011 Semenov & Wiebe68 1+1D, steady α = 0.01 1+1D 2D100 1D no 0.1µm gas-grain yes 2D mixing
2011 Vasyunin et al.98 1+1D, steady α = 0.01 1+1D 1+1D52 1D no 2D evol.102,105 gas-grain yes no
2012 Bruderer et al.156 2D,315 steady passive 2D 1+1D316 1D yes MRN302 law gas-grain no no
2013 Akimkin et al.71 1+1D, steady α = 0.01 1+1D 2D267 1D yes 2D evol.105,317 gas-grain yes no
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3.5 Chemistry and Dynamics
An isotopic analysis of refractory condensates in the most primitive, unaltered chondrites (a class
of stony meteorites) shows strong evidence that the elemental composition of the inner part of the
solar nebula within about 0.1 to several AU was homogenized during several million years, but
not completely.60,254 A plausible scenario for such mixing is dynamical transport due to turbulent
diffusion and angular momentum removal, combined with a repeated sequence of evaporation and
re-condensation of solids in the very inner hot nebular region. One of the most notable exceptions
is oxygen, which shows anomalous isotopic signatures between all its 3 isotopes at the bulk %
level.252,318 The most likely candidates for the production of the oxygen isotopic anomalies are
chemical mass-independent fractionation and photochemical self-shielding effects, combined with
transport processes. Also, only a small fraction of presolar grains survived the dynamically violent
and thermally hazardous process of the solar nebula formation and are routinely found in primitive
meteorites.319 Thus the thermally-reprocessed solids in the inner solar nebula do not retain much
memories of the pristine interstellar chemical composition.320,321 In contrast, pristine ices were
likely able to survive the formation of the solar nebula in its outer cold regions,310,322 and later
were incorporated into comets.
Another indication that dynamics of the solar nebula was important for its chemical evolution
is the rich variety of organic compounds found in carbonaceous meteorites, including amino acids.
It has been suggested that complex organics formed just prior or during the formation of planets in
heavily irradiated, warm regions of the nebula.322–325 Combustion and pyrolysis of hydrocarbons
and PAHs at high (∼ 1000 K) temperatures and high densities followed by radial outward trans-
port have been proposed as a mechanism by which kerogene-like (mainly aromatic) carbonaceous
materials found in meteoritic and cometary samples were synthesized.326 A route to a second-
generation production of complex organics may be aqueous alteration inside the parent bodies of
carbonaceous meteorites, although its role is debated.322,324
The presence of crystalline silicates annealed at temperatures above 800 K in cometary samples
collected by the Stardust mission327 may be further evidence for efficient, large-scale transport of
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solids in the solar nebula. Evidence for the presence of crystalline silicates in comets have also
been found in their infrared spectra.328,329 Various transport processes have been suggested, e.g.
turbulent mixing, accretion flows, stellar/disk winds, radiation pressure, or aerodynamic sorting
(or a combination of all).330–333 Alternative mechanisms of the in situ production of the crystalline
silicates by heating events include frequent electric discharges in a weakly ionized plasma,334
outbursts of a central star,194 or shocks.193 The omni-presence of high-temperature crystalline
silicates observed in other protoplanetary disks and radial variations of the crystallinity fraction
advocate for robustness of this crystallization process.17,183,184,335,336
The turbulent nature of protoplanetary accretion disks, as discussed in Section [subsection][1][2]2.1,
leads to non-thermal gas motions and radial transport of gas. As turbulence is a 3D-phenomenon
driven by a magneto-rotational instability in a rotating gaseous disk, it requires computationally
intensive modeling that has only recently become manageable (assuming a simplified chemical
structure).30,73 These global MHD simulations show that advection has no specified direction in
various disk regions, and in each location goes both inward and outward. The corresponding tur-
bulent velocity of the gas Vturb depends on the viscosity parameter α and scales with it somewhere
between linear and square-root dependence: α < Vturb/cs <
√
α , here cs is the sound speed. The
calculated α-viscosity stresses have values in a range of 10−4 and 10−2 in the midplane and the
molecular layer, respectively, and rise steeply to transonic values of ∼ 0.5 in the disk atmosphere.
Similar values of micro-turbulent velocities in the disk of DM Tau have been derived,145 using the
heavy molecule CS to distinguish between Keplerian, thermal and non-thermal line components.
Hughes et al. (2011)337 have used the CO molecule and estimated turbulent velocities in disks
around the Sun-like star TW Hya and the hotter, twice as massive star HD 163296, with about
10% and 40% of the sound speed, respectively.
Given this large body of empirical evidence, for decades modelers have investigated the impact
of various dynamical processes on the chemical evolution of gas and solids in the solar nebula and
protoplanetary disks. Models of the early solar nebula with radial transport by advective flows have
been developed,60,242,250,251 with a simple 1D analytical disk model and passive tracers. The 2D
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radial mixing of gaseous and solid water in the inner nebula has been studied.338 Bauer et al.246
have investigated the influence of radial transport on the gas-phase C-, H-, N-, O-chemistry driven
by dust destruction and evaporation of ices. The major result is that radial transport enriches the
outer, r > 10 AU regions with methane and acetylene produced by oxidation of carbon dust at
r . 1 AU, as was observed in comets Hyakutake and Hale-Bopp. In a recent study of that kind,
Tscharnuter & Gail (2007)65 have considered a 2D disk chemo-hydrodynamical model in which
global circulation flow patterns exist, transporting disk matter outward in the disk midplane and in-
ward in elevated disk layers. They found that gas-phase species produced by warm neutral-neutral
chemistry in the inner region can be transported into the cold outer region and freeze out onto dust
grain surfaces. We should note that global 3D MHD simulations do not show any evidence for such
meridional circulation patterns,30,73 which would imply that the meridional transport of molecules
does not occur.
Studies of the chemistry coupled to the dynamics in protoplanetary disks is a relatively recent
research field. Aikawa et al. (1999)207 have used an isothermal hydrostatic α-disk model69 with
an accretion rate of ˙M = 10−8 M⊙ yr−1, and modeled chemical evolution with inward accretion.
They found that within 3 Myr one can transport a parcel of gas from 400 AU to 10 AU. This inward
transport enhances concentrations of heavy hydrocarbons at . 20 AU, whereas methane remains
a dominant hydrocarbon in the outer disk region. This also leads to the simultaneous existence of
reduced (e.g. CH4) and oxidized (e.g. CO2) ices, similar to what is observed in comets.
Ilgner et al. (2004)61 have used a steady α-disk model and considered 1D vertical mixing using
a turbulent eddy turnover description339 and a 1D Lagrangian description for advective transport
(from 10 AU to 1 AU). They found that mixing lower vertical abundance gradients, and that local
changes in species concentrations due to mixing can be radially transported by advection. They
have concluded that diffusion does not affect disk regions dominated by gas-grain kinetics, while
it enhances abundances of simple gas-phase species like O, SO, SO2, CS, etc. Later, Ilgner &
Nelson (2006)55 have studied the ionization structure of inner disks (r < 10 AU), considering
vertical mixing and other effects like X-ray flares, various elemental compositions, etc. They
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found that mixing has no profound effect on electron concentration if metals are absent in the gas
since recombination timescales are faster than dynamical timescales. However, when T & 200 K
and alkali atoms are present in the gas, chemistry of ionization becomes sensitive to transport, such
that diffusion may reduce the size of the turbulent-inactive disk “dead” zone.
Willacy et al. (2006)62 have attempted to systematically study the impact of disk viscosity on
evolution of various chemical families. They used a steady-state α-disk model similar to that of Il-
gner et al. (2004) and considered 1D-vertical mixing in the outer disk region with r > 100 AU. They
found that vertical transport can increase column densities (vertically integrated concentrations) by
up to 2 orders of magnitude for some complex species. Still, the layered disk structure was largely
preserved even in the presence of vertical mixing. Semenov et al. (2006)278 and Aikawa (2007)63
have found that turbulence can transport gaseous CO from the molecular layer down towards the
cold midplane where it otherwise remains frozen out, which may explain the large amount of cold
(. 15 K) CO gas detected in the disk of DM Tau.137 Hersant et al. (2009)66 have studied various
mechanisms to retain gas-phase CO in very cold disk regions, including vertical mixing. They
found that photodesorption in upper, less obscured molecular layer greatly increases the gas-phase
CO concentration, whereas the role of vertical mixing is less important.
Later, in Woods & Willacy (2007)210 the formation and destruction of benzene in turbulent
protoplanetary disks at r . 35 AU has been investigated. These authors found that radial transport
allows efficient synthesis of benzene at . 3 AU, mostly due to ion-molecule reactions between
C3H3 and C3H+4 followed by grain dissociative recombination. The resulting concentration of
C6H6 at larger radii of 10−30 AU is increased by turbulent diffusion up to 2 orders of magnitude.
In a similar study, Nomura et al. (2009)275 have considered inner disk model with radial advection
(. 12 AU). They found that the molecular concentrations are sensitive to the transport speed, such
that in some cases gaseous molecules are able to reach the outer, cooler disk regions where they
should be depleted. This increases the production of many complex or surface-produced species
such as methanol, ammonia, hydrogen sulfide, acetylene, etc.
Heinzeller et al. (2011)67 have studied the chemical evolution of a protoplanetary disk with
38
radial viscous accretion, vertical mixing, and a vertical disk wind (in the atmosphere). They used
a steady-state disk model with α = 0.01 and ˙M = 10−8 M⊙ yr−1. They found that mixing low-
ers concentration gradients, enhancing abundances of NH3, CH3OH, C2H2 and sulfur-containing
species. They concluded that the disk wind has a negligible effect on chemistry, while the radial ac-
cretion changes molecular abundances in the midplane, and the vertical turbulent mixing enhances
abundances in the intermediate molecular layer.
A detailed study of the effect of 2D radial-vertical mixing on gas-grain chemistry in a proto-
planetary disk has been performed.68 These authors used the α-model of a ∼ 5 Myr DM Tau-like
disk coupled to the large-scale gas-grain chemical code “ALCHEMIC”.303 To account for produc-
tion of complex molecules, an extended set of surface processes was added. A constant value of
the viscosity parameter α = 0.01 was assumed, and the diffusion coefficient was calculated as
Dturb(r,z) = ν(r,z)/Sc = αcs(r)H(r)/Sc, (3)
where Sc is the Schmidt number describing the efficiency of turbulent diffusivity.72,340
Table 4: Detectable tracers of turbulent mixing.
Insensitive Hypersensitive
CO Heavy hydrocarbons (e.g.,C6H6)
H2O ice C2S
C3S
CO2
O2
SO
SO2
OCN
Complex organics (e.g., HCOOH)
In this study it was shown that the higher the ratio of the characteristic chemical timescale to
the turbulent transport timescale for a given species, the higher the probability that its concentra-
tion is affected by dynamics. Consequently, turbulent transport changes the abundances of many
gas-phase species and particularly ices. Vertical mixing is more important than radial mixing,
mainly because radial temperature and density gradients in disks are weaker than vertical ones.
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The simple molecules not responding to dynamical transport include C2H, C+, CH4, CN, CO,
HCN, HNC, H2CO, OH, as well as water and ammonia ices. The species sensitive to transport are
carbon chains and other heavy species, in particular sulfur-bearing and complex organic molecules
(COMs) frozen onto the dust grains. This is because mixing allows ice-coated grains to be steadily
transported into warmer inner disk regions where efficient surface recombination reactions pro-
ceed. In the warm molecular layer these complex ices evaporate and return to the gas phase. It was
reconfirmed that mixing does not completely smear out the vertical layered structure of protoplan-
etary disks (see also62,67,207).
Finally, several promising, particularly sensitive detectable tracers of dynamical processes in
protoplanetary disks were identified. These are the ratios of concentrations of CO2, O2, SO, SO2,
C2S, C3S and organic molecules to that of CO and water ice (see Table [table][4][]4).
4 Water and Hydroxyl Molecules in Protoplanetary Disks
The chemistry of water in protoplanetary disks and the conversion of water vapor into molecular
ice are directly linked to the origin of water on Earth and the formation of giant planets beyond the
snow line. This line defines the location in the disk where water vapor freezes out to molecular ice.
The position of the snow line depends on the pressure and temperature in the disk and, therefore, on
the disk mass and heating processes. For the solar nebula it is generally assumed that the snow line
was located somewhere between 2 and 3 AU from the Sun. The planets Jupiter, Saturn, Uranus,
and Neptune all formed beyond the snow line (see Section [subsection][3][3]3.3) and are enriched
in volatiles relative to the Sun.341 In general, giant planets in other planetary systems are thought
to form beyond the snow line.342 It is very likely that the volatiles were trapped in molecular
ices when accreted onto the planets. The term “volatiles” comprises all material with low melting
and condensation temperatures (gases or molecular ices) in contrast to “refractory” materials such
as metallic iron and silicates. Water and carbon monoxide are by far the most abundant simple
“volatile” molecules, with NH3, CH4, and CO2 as other important ices.
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Because of a large reservoir of volatiles in the outer solar nebula, the two giant planets Jupiter
and Saturn could first form massive solid cores and then gravitationally attract giant H-He gas
envelopes. The two outermost planets in the solar system, Uranus and Neptune, are largely com-
posed of molecular ices such as water, methane, and ammonia, and are, therefore called the ice
giants. Water, CO, and CO2 are the most abundant molecular ices in comets with small admixtures
of methane and ammonia and other minor components (e.g. C2H6).343
Two main processes have been discussed as explanation for the source of water on Earth: (i)
Delivery of hydrous silicate grains to Earth and outgassing of volatiles by volcanoes - wet proto-
Earth formation344 and (ii) Delivery of water by certain classes of comets and asteroids - dry
proto-Earth formation.221 Arguments against delivery of water by hydrous silicates come from
the low water content in anhydrous meteoritic silicates and the non-detection of spectral features
of hydrous silicates in infrared disk spectra. A key to our understanding of the origin of water
on Earth is its D/H ratio with a mean ocean water value of 1.55× 10−4, which is much larger
than the primordial value of the interstellar medium (1.5× 10−5), see Fig. [figure][7][]7. This
enhanced D/H ratio points to mass fractionation during chemical reactions at low temperatures
(see Section [section][5][]5). Measurements of D/H ratios for asteroids and comets indicate that a
mixture of these bodies delivered water to Earth.345,346
We should note that most of the water, at least in the outer regions of protoplanetary disks, is
frozen out on dust grain surfaces.299,347 There is growing evidence that the water ices may already
have been formed in the prestellar and protostellar phases. Visser et al. (2009)310 found that water
remains in the solid phase everywhere during the infall and disk formation phases, and evaporates
within ∼ 10 AU of the star. In contrast, pure CO ice evaporates during the infall phase and is
reformed in those parts of the disk that cool below the CO freeze-out temperature of ∼ 20 K.
These authors also found that mixed CO:H2O ices will keep some solid pristine CO above this
temperature threshold and may explain the presence of CO in comets.
Hot water (≈ 500−1000 K) has been discovered in the inner regions of protoplanetary disks
(0.1−10 AU) around young solar-mass T Tauri stars by ground-based mid-infrared spectroscopy
41
and infrared observations with the Spitzer Space Observatory,158,159,161,167,169,212,348,349 see Fig. [figure][4][]4.
Water is a highly asymmetric molecule with a rich infrared spectrum produced by transitions be-
tween energy levels characterized by 3 quantum numbers J, KA, and KB. The infrared emission of
the water molecules comes predominantly from a warm disk surface layer.
Water exists in two spin states: ortho-H2O with total nuclear spin of unity and para-H2O with
total nuclear spin of zero. Either direct radiative or collisional transitions between ortho- and para-
H2O energy levels are not allowed, and the ortho-to-para ratio can only be modified by chemistry
by proton exchange. The ortho-to-para ratio in the high-temperature limit is regulated by spin
statistics resulting in a ratio 3:1. Water formation on cold grain surfaces may allow lower ortho-to-
para ratios through equilibration at the dust temperature.153
In contrast to the observations of rich water-dominated infrared spectra from disks around
T Tauri stars, water has not been detected in the inner disks around the more massive and luminous
Herbig Ae/Be stars.213 A likely explanation of this observational finding is the photodissociation of
hot water by the stronger ultraviolet radiation field of these stars. In fact, it has been demonstrated
that the H2O emission from the disk around the young eruptive star EX Lupi is variable as a likely
consequence of the changing ultraviolet radiation field.349
Cooler water emission (at temperatures of ≈ 100−500 K) has been discovered with the Her-
schel Space Observatory in the far-infared spectra of disks around T Tauri stars151,152 and in a
small number of Herbig Ae/Be stars by line stacking.149,152 It has been directly detected in the
disk around the Herbig Ae star HD 163296, which is enshrouded by a flat disk with settled dust.150
Overall, disks around Herbig Ae/Be stars have higher OH/H2O abundance ratios across the inner
disks than T Tauri stars.
Above a temperature of ≈ 300 K water should be the dominant oxygen-containing component
in the gas, assuming solar-elemental abundances.350,351 Water is formed rapidly by two neutral-
neutral reactions in the warm gas:
O + H2 -> OH + H
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OH + H2 -> H2O + H.
An extensive discussion of the relevant rate constants for these reactions can be found here.350–352
At temperatures lower than a few 100 K, ion-neutral reactions become an important channel for
water production. The key molecular ion H+3 will react with atomic oxygen, producing H3O+
which recombines via a number of dissociative reaction channels, among them a reaction to H and
H2O. In the midplane of the outer disks water is frozen out on dust grains. The water molecules
can be released by UV photodesorption299 in intermediate layers of the disk and water gets pho-
todissociated in the upper disk atmospheres. The complicated interplay between grain evolution,
grain surface chemistry and freeze-out, photodesorption and photodissociation and radial and ver-
tical mixing processes will regulate the abundance of water in its different phases in the outer
disk.71,98,216,353
The discovery of the ground-state rotational emission of both spin isomers of water from the
outer disk around the star TW Hya with Herschel’s high-resolution spectrometer HIFI 153 provided
strong constraints on the water vapor abundance in the outer disk with a layer of maximum water
abundance of≈ 10−7 relative to H2. Above this layer water gets photodissociated, below it freezes.
The observations allowed the determination of the ortho-to-para ratio (OPR). The derived value of
0.77±0.07 is much lower than the equilibrium value of 3 and indicates that grain surface reactions
and photodesorption play an important role in producing the observed water vapor. This value
is also lower than the OPR H2O ratios for solar system comets, ranging from 2− 3.354–358 If
one interprets the OPR values in terms of a spin temperature, as often done in the literature, and
equates this temperature with the physical temperature of the dust on which water ice has formed,
this would indicate that water in TW Hya has formed at lower temperatures (10− 20 K) than in
comets (∼ 50 K).153
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5 Deuterium Chemistry in Disks
Among the most important findings related to the chemical evolution in the early solar nebula is
isotopic fractionation. Many cometary and meteoritic materials show anomalous isotopic enrich-
ment in such elements as oxygen, carbon, nitrogen, and sulfur.318,320,359–361 In particular, amino
acids found in carbonaceous meteorites362,363 and recently discovered glycine in cometary sam-
ples returned by the Stardust mission364 show extraterrestrial isotopic signatures. The composition
of terrestrial minerals, water, and rocks on Earth retains an imprint of the rate differences at which
fractionation has occurred.
Deuterium fractionation is a non-equilibrium process sensitive to temperature and thermal
history of an environment. Formed right after the Big Bang, with an initial elemental ratio of
D/H ≈ 310−5, only half of this deuterium has survived till today, mostly in form of the HD
molecule (the other half was burned in stellar interiors).365,366 However, at low temperatures,
T . 20− 80 K, part of deuterium from HD can be redistributed into other molecules by ion-
molecule and surface chemistry, resulting in higher molecular D/H ratios than the value of 1.510−5.
In Figure [figure][7][]7 we show D/H ratios measured for several molecules (H2, H2O, HCN,
HCO+, H2CO etc.) in planets of the solar system, comets, asteroids, interplanetary dust particles
and the Standard Mean Ocean Water (SMOW). The D/H ratio for H2 in the diffuse interstellar
medium (ISM) of ≈ 310−5 is also indicated. As can be clearly seen, all gas and icy giants as well
as the (proto-)Sun have the cosmic elemental D/H ratios for H2 similar to the ISM H2 D/H value.
These objects have warm interiors and high densities to re-distribute deuterium among chemical
species at nearly equilibrium conditions. In contrast, cold ISM environments like prestellar cores
or warm protostellar envelopes have D/H ratios for DCO+, DCN, HDCO, etc. that are higher than
the cosmic value by factors of∼ 100−300.367–369 Part of this parental, highly deuterium-enriched
cloud core matter ends up in a protoplanetary disk where it is incorporated into meteorites, aster-
oids, and comets. The D/H ratios measured in meteorites and observed in long-periodic comets
from the Oort cloud are also enhanced by factors of at least 10−30 compared to the elemental D/H
ratio,370 which is lower than the molecular ISM values. As discussed in Section [section][4][]4,
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water has likely been delivered to Earth by bodies from more distant parts of the solar system
as the planetesimals out of which Earth has formed were presumably dry. Not surprisingly, the
Earth water bears signature of this exogenous delivery scenario by showing about a ten times en-
hanced D/H ratio in ocean’s water, ≈ 1.610−4, compared to the elemental ISM D/H value. As the
Oort-family long-period comets all show 2-3 times higher HDO/H2O ratios, whereas carbonaceous
chondrites have about the Earth HDO/H2O value, it was argued that water came to Earth with as-
teroids, not comets. However, the recent discovery of nearly Earth’s ocean water D/H signature in
a Jupiter-family, short-period comet Hartley-2346 has reignited this discussion.
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Figure 7: The observed D/H ratio for H2O in various astrophysical environments ranging from
the interstellar medium to comets and the Earth’s ocean water. The “ISM (H2)” (dashed line)
represents the HD/H2 in dense cold ISM. “SMOW” (long dashed line) denotes the HDO/H2O ratio
in the Vienna Standard Mean Ocean Water model. Data derived from Reference34.
What happens with deuterated species in transition from the cold conditions of the ISM to the
warm conditions in the planet-forming region can be best understood by studying deuterium chem-
istry in protoplanetary disks. Several deuterated molecules have been detected in protoplanetary
disks, with abundances much higher than the cosmic elemental D/H ratio of 1.510−5. The mea-
sured D/H ratios of DCN and DCO+ in the disk around TW Hya are about 1−10%.371 Öberg et
al. (2012)181 have found that the DCO+ column density increases outward, whereas DCN is more
centrally peaked. This suggests different fractionation pathways, with DCN forming at higher tem-
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peratures than DCO+. The derived DCN/HCN ratio is similar to that of DCO+/HCO+, ∼ 0.017.
A smaller DCO+/HCO+ value, 410−3, has been measured in the disk of DM Tau.178
The observed overabundance of deuterated species in the cold ISM and protoplanetary disks is
due to isotopic deuterium fractionation. This process is related to the zero-point vibrational energy
difference for the isotopically substituted molecules, implying a temperature barrier for a backward
reaction at low temperatures. The main isotope exchange reaction involves isotopologues of H+3
and H2, and is effective at T . 10−30 K: H+3 + HD ⇆ H2D+ + H2 + 232 K,372,373 followed by
similar reactions with higher D-isotopologues. This leads to accumulation of H2D+, which further
transfers D into other molecules by ion-molecule reactions.374–376 For example, the dominant
formation pathway to produce DCO+ is via ion-molecule reactions of CO with H2D+. In disks it
results in an DCO+ to HCO+ ratio that should increase with radius due to the outward decrease
of temperature, as actually observed. Deuterium fractionation initiated by the H+3 isotopologues is
particularly effective at low temperatures in disk midplanes, where CO and other molecules that
destroy the H+3 isotopologues are severely frozen out.
On the other hand, the H+3 isotopologues can dissociatively recombine with electrons, produc-
ing a flux of atomic H and D. In the cold, dense regions such as outer disk midplanes H and D
atoms can stick to dust grains and reacts with ices such as CO, O, C, and form multi-deuterated
complex species (isotopologues of e.g. H2CO, CH3OH, H2O). Moreover, laboratory experiments
have demonstrated that on dust surfaces a substitution of a proton by deuteron in H-bearing species
can occur, accelerating deuterium enrichment of complex ices.377–380
Recently, it has been realized that the ortho/para ratio of H2 and other species can lower the
pace of deuterium fractionation.381,382 The internal energy of ortho-H2 is higher than that of para-
H2, which helps to overcome the backward reaction of deuterium enrichment. For example, the
backward endothermic reaction between ortho-H2 and H2D+ can proceed far more rapidly at low
temperatures of 10 K than the corresponding reaction involving its para form. Consequently, it
results in a lower degree of deuterium fractionation in a medium having a sufficient amount of
ortho-H2.381
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Other important fractionation reactions are effective at higher temperatures (up to 70−80 K),
and are particularly relevant for inner, warmer disk regions: CH+3 + HD ⇆ CH2D+ + H2 +
390 K383 and C2H+2 + HD ⇆ C2HD+ + H2 + 550 K.384 Both reactions produce DCN by the
following ion- molecule reaction: N + CH2D+ → DCN+, followed by protonation by H2 and
dissociative recombination.385 Compared to DCO+, DCN can thus be formed at warmer tempera-
tures and reside closer to the central star in protoplanetary disks, exactly as observed in the TW Hya
disk.181
These observational findings in protoplanetary disks have been compared to theoretical studies.
Aikawa & Herbst (1999)269 have studied deuterium chemistry in the outer regions of protoplane-
tary disks with an 1D accretion flow, using a collapse model to set up the initial molecular concen-
trations. They have found that the molecular D/H ratios are enhanced wrt the protosolar values,
and that the ratios at ∼ 30 AU agree reasonably well with the D/H ratios observed in comets. This
advocates for in situ deuterium fractionation in the solar nebula, so that comets may not necessar-
ily be composed of primordial, unprocessed interstellar matter. Willacy (2007)272 and Willacy &
Woods (2009)273 have studied deuterium chemistry in outer and inner disk regions, respectively.
They found that the D/H ratios observed in comets may partly originate from the parental molecu-
lar cloud and partly be produced in the disk. They concluded that the D/H ratios of gaseous species
are more sensitive to deuterium fractionation processes in disks due to rapid ion-molecule chem-
istry compared to the deuterated ices, whose D/H values are regulated by slow surface chemistry
and are imprints of the cold conditions of the prestellar cloud.
The previous discussion shows that fractionation processes occur both in the prestellar cloud
phase and in the protoplanetary disk phase. This complicates the use of D/H ratios as a clean
“tool” to distinguish between the contribution from prestellar chemistry and disk chemistry to the
molecular composition of disks.
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6 Complex Organic Molecules
One of the most exciting questions in astrochemistry are (1) the exact form in which carbon-based
materials exist under space conditions,386 and (2) how and which prebiotic life-building blocks
can survive the process of star and planet formation. In the ISM solid carbonaceous compounds
can be identified through numerous aromatic (C−C) and aliphatic (C−H) stretching and bending
modes at infrared wavelengths387–389 and a strong ultraviolet resonance,390–392 and are believed
to take the form of hydrogenated amorphous carbon (nanoparticles), with various fraction of H as
well as sp2 and sp3 carbon atoms,389,393 or occur as large PAHs.386,392 About 1−10% (depending
on far-UV/X-ray irradiation) of all cosmic carbon is locked in PAHs.394,395 A small, . 3− 4%
fraction of carbon condenses out as (nano-)diamond particles that are found as presolar grains
in meteorites.359 Also, some elemental C is locked in tightly bound silicon carbide (SiC) grains,
which are mostly of stardust origin.396,397
Many different amino acids and other complex organics (in insolvable and solvable forms)
were present in the early solar system, as found through detailed mass-spectrometry and miner-
alogical and petrological analysis of primitive carbonaceous chondrites362 and interplanetary dust
particles.398 Analysis of the cometary dust sampled by the Giotto spacecraft in the Halley comet
showed the presence of the so-called organic “CHON” particles (which are large molecules com-
posed of multiple C, H, O, and N atoms399). The recent identification of glycine in the Stardust
cometary dust samples364 provide strong evidence that comets may have an organically rich com-
position, a fact which is also supported by their extremely low albedos. These findings were also
interpreted as indication that initial carbonaceous materials of the ISM could have been almost
entirely chemically reprocessed into complex organics prior or during the formation of the inner
solar system, within several million years.196 Indeed, the discovery of highly deuterated amino
acids in meteoritic materials (as well as other isotopic anomalies in C, N, and O) implies that their
(at least, initial) synthesis occurred under very cold and dark conditions characteristic of dense
prestellar molecular clouds.325,400,401 This hypothesis is supported by the detection of complex
organic molecules (COMs) such as methanol (CH3OH), acetaldehyde (CH3CHO), dimethyl ether
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(CH3OCH3), methyl formate (CH3OCHO), and ketene (CH2CO), etc. in the gas phase in cold,
young, low-mass prestellar cores.402,403 Glycolaldehyde and formamide (NH2CHO), the simplest
amide, a key species in the synthesis of amino acids and metabolic molecules, have also been
recently detected in envelopes of solar-type protostars.404–406
On the other hand, COMs could also have formed at the verge of planet formation in the heavily
irradiated, warm inner regions of the solar nebula by endothermic chemistry from simple species
such as CO, N2, OH, and H2.322,323The formation of protoplanetary disks from their parental
molecular clouds is associated with strong shocks that can reprocess the gas and some ices.407 The
newly produced COMs can either be trapped in the ices and become incorporated in comets or re-
turn into the gas phase by thermal desorption, UV-photodesorption, or heating triggered by cosmic
ray particles and X-rays.237,408–410 Also, the Fischer-Tropsch catalysis converts CO and H2 into
hydrocarbons at appropriate temperatures (T & 1000 K) in the presence of metallic surfaces. In a
similar manner, the catalytic Haber-Bosch synthesis produces ammonia from N2 and H2.411 The
overall efficiency of both these processes depend on the properties of the metallic surfaces (e.g.,
poisoning by other materials, refractory ice coatings, topology) and the fraction of metallic iron
and nickel incorporated in silicates and left in their metallic (or oxidized) forms. The appropriate
conditions for such synthesis must have existed in the very inner, sub-AU, accretion-heated regions
of the early solar nebula and may exist in other actively accreting protoplanetary disks.412 Also, in
this hot region PAHs are gradually destroyed by neutral-neutral reactions with barriers with H, OH
and O, resulting in high concentrations of acetylene (C2H2) and, later, CO, CO2 and CH4.413
The most plausible scenario of the synthesis of COMs is that the first-generation, simpler or-
ganic molecules have been synthesized already during the pre-disk, cold cloud phase, followed
by production of second-generation, more complex organics inside warm, irradiated disk regions.
The further growth in their complexity could have been enabled by aqueous alteration inside large,
radiogenically-heated asteroids.
Despite the variety of interstellar COMs, only formaldehyde (H2CO), C2H, C3H2, HCN, HNC,
and HC3N and a few other non-organic species have been detected and spatially resolved with
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(sub-)millimeter interferometers in the outer regions (r & 50− 200 AU) of several nearby pro-
toplanetary disks.35,47,50,141,143,144,147,148,414 The ground-based search for simple gas-phase or-
ganic species such as methanol and formic acid in disks has so far been unsuccessful. On the
other hand, simple organic ices, like HCOOH ice, have been identified in the Spitzer infrared
spectra of the envelopes of low-mass Class I/II objects.415 The main reasons for the lack of de-
tections of COMs in protoplanetary disks are the low masses and small sizes of these objects,
and the severe depletion of these heavy species onto dust surfaces in outer cold regions of the
disks (see Fig. [figure][5][]5). Formaldehyde and formic acid are just precursors for the syn-
thesis of other complex organic ices via slow photoprocessing, forming reactive radicals in the
icy mantles, which can further recombine with each other at appropriate conditions.416–419 Dy-
namical transport from cold to warm/irradiated regions in protoplanetary disks can also lead to
efficient desorption of heavy ices (see Section [subsection][5][3]3.5 above). A rich organic chem-
istry occurring in the inner warm disk regions has been confirmed with infrared spectroscopy by
Spitzer. Detected species include CO, CO2, C2H2, CN, and HCN, which reside in the warm gas,
T & 200−1000 K.158–160,162–165,171,348
The importance of dynamical transport for the synthesis of COMs in the early solar nebula
has been studied by68 (see Section [subsection][5][3]3.5 for a brief description of their model).
The main results are presented in Fig. [figure][8][]8. The plot shows distributions of absolute con-
centrations and vertically-integrated column densities of HCOOH, HCOOH ice, CH3OH, HNCO,
HNCO ice, CH3CHO, CH3CHO ice, and CH2CO calculated with a quiescent and a rapid turbulent
mixing model of the solar nebula. In the dynamically-quiescent model the abundance distributions
of gaseous species have a layered structure, with very narrow layers of peak concentrations located
at ≈ 0.8− 1 pressure scale heights. Abundances of complex ices reach peak values at either the
bottom of the molecular layer (HNCO ice, HCOOH ice) or in the inner warm midplane (CH3CHO
ice, HCOOH ice). The overall pattern is easily explained by photoevaporation of heavy COM
ices, which in the gas phase become susceptible to ionizing far-UV/X-ray radiation and are rapidly
photodissociated. On the other hand, dynamical transport facilitates the synthesis of COMs by
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transporting icy grains toward warm or irradiated disk regions, where heavy reactive radicals are
formed upon CRP/X-ray irradiation of ices, followed by surface recombination when they become
mobile at T & 30−50 K.
We list the most important reactions for the evolution of HCOOH, HCOOH ice, CH3OH,
HNCO, HNCO ice, CH3CHO, CH3CHO ice, and CH2CO in the solar nebula and protoplanetary
disk midplanes and molecular layers in Table [table][5][]5. The chemical evolution of formic acid
(HCOOH) begins with the dissociative recombination of CH3O+2 , which is produced by radiative
association of HCO+ and H2O, and by ion-molecule reaction of methane with ionized molecular
oxygen. HCOOH is destroyed by photodissociation and photoionization, and removed from the
gas due to depletion onto dust grains at T . 100 K. Then HCOOH ice forms, which is destroyed
by far-UV photons generated in the disk by CRP (or the attenuated stellar far-UV photons in the
disk molecular layer). The surface and gas-phase formation of HCOOH through the neutral-neutral
reaction of OH and H2CO is only a minor channel. Gas-phase methanol is synthesized by surface
recombination of H and CH2OH as well as frozen OH and CH3 (at T & 30 K) followed by evap-
oration of the methanol ice. The main removal pathways for CH3OH are accretion onto the dust
surfaces in the disk regions with T . 100 K, photodissociation and ionization.
We now will discuss the chemistry of the isocyanic acid (HNCO) in detail because this molecule
is a key molecule in the chemical processes on dust surfaces420 and an important diagnostic
species.421 The production of HNCO is also dominated by surface reactions. It can reach the
gas phase either by evaporation of HNCO ice at T . 50− 60 K or by direct recombination of
surface H and OCN (by chemisorption). The major destruction gas-phase pathways for HNCO
are accretion onto the dust grain surfaces. HNCO ice is produced by a surface reaction involv-
ing H and OCN and is destroyed by far-UV photons. Similarly, the chemistry of acetaldehyde
(CH3CHO) begins with the surface recombination of CH3 and HCO ices followed by desorption
to the gas phase at T . 60 K. It is destroyed by photodissociation. Gas-phase ethenone (CH2CO) is
produced via neutral-neutral reactions of atomic O with C2H3, and direct surface recombination of
the H and HC2O ices. Evaporation of ethenone ice starts when dust temperatures exceed ∼ 100 K.
Key removal channels include photodissociation and photoionization, and freeze-out in the disk
midplane.
In the presence of dynamical transport, concentrations of HNCO and other COMs are en-
hanced, albeit differently. This is related to their relatively long chemical timescales associated
with slow surface synthesis, which is longer than the dynamical timescales. HCOOH becomes
more abundant since concentrations of its precursors, water and HCO+, are increased by mixing,
leading to higher concentrations of CH3O+. The effect is less pronounced for HNCO, as its pre-
cursor species, OCN, is not as sensitive to transport. HNCO ice, produced in the molecular layer,
is transported by diffusion to the cold midplane where it cannot be effectively synthesized.
Concentration of gaseous acetaldehyde is greatly enhanced by mixing in the molecular layer at
r . 100 AU. It is synthesized via recombination of heavy CH3 and HCO ices, which are mobile
on dust surfaces only in the very inner warm disk region. In the fast mixing model large amounts
of solid acetaldehyde accumulate as more and more icy grains reach the warm disk regions due to
transport.
To conclude, in situ studies of “primitive” material in the solar system have provided mounting
evidence for the presence of complex organic matter in the early solar nebula. Complex molecules
should also be present in other protoplanetary disks, but only a few key species have been detected
so far due to the limited sensitivity of modern (sub-)millimeter interferometers. This situation
will likely change dramatically with the beginning of the full operation of ALMA. The potential
detection of such complex species like dimethyl ether, formic acid, methyl formate, etc. in pro-
toplanetary disks with ALMA will provide solid evidence that the global chemical evolution is
regulated by disk dynamics.
7 Conclusions
Protoplanetary disks are amazing structures of gas and dust surrounding young stars, which are
characterized by a broad range in temperature, density, and radiation fields. They show a rich
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Figure 8: Radial and vertical variations of abundances and column densities of complex organic
molecules in the DM Tau disk at 5 Myr. (Top to bottom, left columns) The log of relative abun-
dances (with respect to the total number of hydrogen nuclei) of HCOOH, HCOOH ice, CH3OH,
HNCO, HNCO ice, CH3CHO, CH3CHO ice, and CH2CO. Results for the three disk models are
shown: (1) laminar chemistry, 2) the slow 2D-mixing chemistry (Sc = 100), and (3) the fast 2D-
mixing chemistry with Sc= 1. The corresponding vertical column densities (abundances integrated
in the vertical direction) are shown in the right prt of the Figure. Reprinted with permission from
Reference.68 Copyright 2011 American Astronomical Society.
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Table 5: Key chemical processes: organic species
Reaction α β γ
[(cm3) s−1] [K]
CH2CO ice + hνCRP → CH2 ice + CO ice 9.15(2) 0 0
CH2CO ice + hνCRP → C2 ice + H2O ice 4.07(2) 0 0
CH3CHO ice + hνCRP → CH3 ice + HCO ice 5.25(2) 0 0
CH3CHO ice + hνCRP → CH4 ice + CO ice 5.25(2) 0 0
CH3OH ice + hνCRP → CH3 ice + OH ice 1.50(3) 0 0
CH3OH ice + hνCRP → H2CO ice + H2 ice 3.17(3) 0 0
C2H5OH ice + hνCRP → CH3CHO ice + H2 ice 6.85(2) 0 0
HCOOH ice + hνCRP → CO2 ice + H ice + H ice 6.50(2) 0 0
HCOOH ice + hνCRP → HCO ice + OH ice 2.49(2) 0 0
HNCO ice + hνCRP → NH ice + CO ice 6.00(3) 0 0
CH3OH ice + UV→ H2CO ice + H2 ice 0.72(−9) 0 1.72
C2H5OH ice + UV→ CH3CHO ice + H2 ice 0.13(−9) 0 2.35
HCOOH ice + UV→ HCO ice + OH ice 0.28(−9) 0 1.80
HNCO + hνCRP → NH + CO 6.00(3) 0 0
CH3CHO + UV→ CH3CHO+ + e− 0.26(−9) 0 2.28
CH3CHO + UV→ CH4 + CO 0.34(−9) 0 1.52
CH3CHO + UV→ CH3 + HCO 0.34(−9) 0 1.52
HCOOH + UV→ HCOOH+ + e− 0.17(−9) 0 2.59
HCOOH + UV→ HCO + OH 0.28(−9) 0 1.80
CH2CO + grain→ CH2CO ice – – –
HCOOH + grain→ HCOOH ice – – –
HNCO + grain→ HNCO ice – – –
CH3CHO + grain→ CH3CHO ice – – –
CH3OH + grain→ CH3OH ice – – –
HNCO ice→ HNCO – – 2.85(3)
CH2CO ice→ CH2CO – – 2.20(3)
CH3CHO ice→ CH3CHO – – 2.87(3)
H ice + CH2OH ice→ CH3OH ice – – –
H ice + HC2O ice→ CH2CO ice – – –
H ice + OCN ice→ HNCO ice – – –
OH ice + CH3 ice→ CH3OH ice – – –
OH ice + HCO ice→ HCOOH ice – – –
HCOOH + H+ → HCOOH+ + H 0.28(−8) −0.50 0
HNCO + H+ → NH2+ + CO 0.15(−7) −0.50 0
CH3CHO + H3+ → CH3CH2O+ + H2 0.62(−8) −0.50 0
CH3CHO + HCO+ → CH3CH2O+ + CO 0.25(−8) −0.50 0
HCOOH + H3+ → HCO+ + H2O + H2 0.23(−8) −0.50 0
HCOOH + HCO+ → CH3O2+ + CO 0.13(−8) −0.50 0
O + C2H5 → CH3CHO + H 0.13(−9) 0 0
OH + H2CO→ HCOOH + H 0.20(−12) 0 0
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variety of chemical processes, ranging from high-temperature neutral-neutral reactions in the inner
disk regions to ion-molecular chemistry and molecular freeze-out close to the midplane in the outer
disk regions. Grain surface reactions, thermal and photo-driven desorption as well as deuteration
processes are all part of the diverse chemistry in protoplanetary disks. Dust evolution, ionization
structure, and turbulent transport are closely linked processes, defining the thermal and kinematic
structure of disks.
Submillimeter and millimeter observations provide constraints on the radial and vertical physi-
cal and chemical structure, and are delivering information about molecular abundances in the outer
disks. Infrared spectroscopy both from the ground and from space has been providing an inventory
of H2O, OH, CO, CO2, and simple organic molecules in the warm planet-forming regions of disks.
With the enormously increased sensitivity and spatial resolution provided by the Atacama Large
Millimeter/Submillimeter Array in Chile, now beginning operations, and the infrared spectroscopic
capabilities of the James Webb Space Telescope, to be launched towards the end of this decade, the
field of disk chemistry will become ever more rich in data. The development of theoretical mod-
eling tools and the determination of key reaction rates will form the basis for the comprehensive
scientific exploitation of these astronomical data.
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